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Abstract 
 
This work comprises several aspects of titania hollow spheres including their 
utilization and their optimization as a photocatalyst in the photodecomposition of an 
organic dye. 
The first chapter gives a brief and general background of inorganic hollow 
materials including the titania hollow particles and their role as a semiconductor 
photocatalyst. 
The second chapter describes the synthesis of submicrometers-sized titania 
hollow spheres with tunable shell thickness and smooth surfaces by employing 
sulfonated polystyrene (PS) latex particles as a template in conjunction with the sol-
gel method. The structure of the particles was characterized by scanning electron 
microscopy and transmission electron microscopy. It turned out that the particles 
have a relatively smooth and rigid shell walls and well defined TiO2 layers. In 
addition, the shell thickness was readily tuned by altering the concentration of 
titanium tetrabutoxide (TBOT) precursor in ethanol solutions. The surface roughness 
as well as the shell thickness have tendency to increase with the increase in the 
concentration of TBOT. The diameter of the hollow spheres was on the average of 
20-26% smaller than the diameter of the template PS latex particles.  
The third chapter describes the investigation of the photocatalytic activity of 
the titania hollow spheres by employing methylene blue (MB) as a target compound. 
It was observed that the particle size, size distribution, and crystallinity are important 
factors to get high photocatalytic activity for the decomposition of MB. 
The most common limitations in the TiO2 catalysis system is that the quantity 
of ●OH radicals cannot be much increased.  The use of overdosed TiO2 will only 
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scatters light in the solution. The recombination of photo-generated electrons and 
holes is also known as a serious problem limiting the photocatalytic efficiency and 
obstructing the practical application of the photocatalytic process. Therefore, new 
developments of these technologies have focused on searching for better oxidants to 
increase the generation of radicals or to optimize the photodegradation process (e.g. 
by the addition of electron scavengers). The fourth chapter describes the 
photocatalytic activity of the titania hollow spheres by focusing on its optimization 
using hydrogen peroxide (H2O2) as an additional electron scavenger. It was found that 
the existence of H2O2 electron scavenger significantly increases the 
photodecomposition rate of MB. The optimal H2O2 concentration turned out to be 
150 mM when the TiO2 concentration is 0.6 g/L.  Higher dosage of H2O2 resulted in 
the inhibition of the reaction due to the hydroxyl radical scavenging effect.  
The fifth chapter describes the photocatalytic activity of the titania hollow 
spheres by focusing on the effect of peroxydisulfate electron scavengers in the 
photocatalytic decomposition of MB. The rate constant for photodecomposition of 
MB was increased more than two times by the addition of peroxydisulfate. The 
significant increase in the photodecomposition rate seems to be related to electrons 
scavenging as well as production of additional oxidizing species. It was found that the 
optimum concentration of peroxydisulfate is 10 mM. 
In order to get a better efficiency in optimizing the photocatalytic activity of 
titania hollow spheres by the addition of electron scavengers, it is necessary to 
investigate another potential inorganic oxidant. The sixth chapter describes the 
photocatalytic activity of the titania hollow spheres by focusing on its enhancement 
by various electron scavengers in the photocatalytic decomposition of MB. The 
electron scavengers employed were inorganic oxidants such as ClO3-, BrO3-, IO4-, 
along with H2O2 and S2O82-. Differences in electronegativity, atomic radius of the 
halogens, and the number of highly reactive radical and nonradical intermediates 
 vii 
 
were proven to be important criteria for an electron scavenger to yield high efficiency 
in the MB photodecomposition.  Based on the results, the effect of the oxidants used 
were found to be in the order of S2O82->IO4->BrO3-> H2O2>ClO3-. 
The major conclusions are summarized in chapter 7. 
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Chapter 1 
 
Introduction 
 
1.1. Inorganic and Hybrid Hollow Spheres 
In recent years, considerable effort has been devoted to the design and 
controlled fabrication of nanostructured materials with functional properties. The 
interest in nanoscale materials stems from the fact that their properties (optical, 
electrical, mechanical, chemical, etc.) are a function of their size, composition, and 
structural order. Therefore, effective strategies to build tailored nanomaterials reliably 
and predictably are required in order to meet the ever-increasing demands (e.g., 
structural and compositional complexity) placed on materials synthesis and 
performance by nanotechnology. Colloidal particles represent attractive building 
blocks to create ordered and complex materials. They are also of widespread interest 
in chemical engineering, pharmaceutical, and biological applications. Over the last 
decade there have been immense efforts to fabricate core-shell colloidal materials 
with tailored structural, optical, and surface properties. Investigations have largely 
been spurred by the applicability of such colloids in modern materials science, and by 
their technological importance: Composite colloids are utilized in the areas of 
coatings, electronics, catalysis, separations, and diagnostics [1-4]. The fabrication of 
core-shell colloidal particles is also of interest from a fundamental and academic 
viewpoint, especially in the areas of colloid and interface science. They can be 
utilized as model systems to investigate factors governing colloidal interactions and 
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stabilization and to gain valuable information on the properties of concentrated 
dispersions [5, 6]. 
The term used to describe the synthesis of core-shell particles with defined 
morphologies and properties can be referred to as particle engineering [2]. This 
typically involves tailoring the surface properties of particles, often accomplished by 
coating or encapsulating them within a shell of a preferred material. Particle coating 
is carried out for a myriad of reasons. For example, the shell can alter the charge, 
functionality, and reactivity of the surface, and can enhance the stability and 
dispersibility of the colloidal core. Magnetic, optical, or catalytic functions may be 
readily imparted to the dispersed colloidal matter depending on the properties of the 
coating materials. Encasing colloids in a shell of different composition may also 
protect the core from extraneous chemical and physical changes [7, 8].  
Core-shell particles often exhibit improved physical and chemical properties 
over their single-component counterparts, and hence are potentially useful in a 
broader range of applications. Therefore, methods to fabricate such materials with 
controlled precision have long been sought [1, 2]. Although a variety of procedures 
have been employed for their manufacture, difficulties associated with their 
production have limited the application of the final colloidal materials [2]. 
Furthermore, despite the fact that the advantages of uniformly coated and stable 
colloidal particles have been recognized for years, the controlled coating of colloids 
with organized layers has for many years remained a technical challenge. A major 
requirement pertaining to the procedures used to coat particles is that they do not 
cause aggregation, which renders the particles unusable for many purposes. 
Optimization of the surface characteristics of particles through coating processes is 
also of primary importance for the successful application of composite particles.  
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One of the prospective efforts of core-shell particles development is for the 
fabrication of hybrid or inorganic hollow sphere particles. In recent years, there has 
been intense interest in the fabrication of micrometer- and nanometer-sized hollow 
sphere particles. These hollow sphere particles often exhibit special properties that 
are substantially different from dense particles counterparts such as its low density, 
large surface area, stability, and surface permeability. Hollow oxide particles have 
been widely used for lightweight and thermally insulating fillers, composite materials, 
dyes, and cosmetics. Some hollow inorganic shells with controlled meso- and macro-
porosity might find uses in catalysis, separations technology, capsule agents for drug 
delivery, and protecting sensitive agents such as enzymes and proteins. Besides, 
optically active hollow shells have extensive applications in the fields of optics, 
electronics, chemistry, and coating system due to a large refractive index contrast 
between the core and shell materials and can be used in photonic band gap materials, 
wavelength selective films, and light scattering coatings. 
 
1.2. Synthetic Methods of Inorganic Hollow Spheres 
Inorganic hollow particles have been synthesized by different methods, such 
as organic templating method, emulsion method, surface-assisted method, and spray 
pyrolysis or nozzle reactor process. 
 
1.2.1. Sacrificial Cores Templating Method 
1.2.1.1. Organic Templating Method 
This method is designed to use some organic materials (e.g., polystyrene latex 
spheres) as the templates. The desired materials, such as titania, silica, zinc sulfide, 
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cadmium sulfide, are coated around the organic materials by deposition or 
electrostatic attraction. After filtering and drying, the organic cores are removed by 
calcinations or by exposing to solvent. The general scheme of this method is 
illustrated in Fig.1. 
Caruso et al. have reported their result on preparation of hollow silica and 
silica-polymer spheres by this method [1, 2]. Their first step involved the deposition 
of three layers poly (diallyldimethylammonium chloride) (PDADMAC) film onto the 
negatively charged polystyrene (PS) latex particles. This film provides a smooth and 
positively charged surface to aid subsequent adsorption of SiO2. The SiO2-
PDADMAC multilayer films were then formed by alternate adsorption of SiO2 and 
PDADMAC. The PS template core was then removed after the formation of 
multilayer film by calcinations (that is, by decomposition of organic matter at 500oC). 
Alternatively, the template core was removed by dissolution in good solvents. 
Song et al. have prepared silver/titania composite hollow sphere particles by 
coating the as-prepared poly (methyl acrylic acid) (PSA)/silver particles with an 
amorphous titania layer and subsequently calcinating in Ar atmosphere [9]. They also 
reported by SEM and TEM investigation that the silver/titania composite hollow 
particles were fairly uniform and the wall thickness of the hollow spheres was in the 
range of 40-80 nm. 
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Fig. 1. General scheme in the preparation of inorganic hollow spheres using organic 
material as a template. 
 
Organic template Surfactant 
Inorganic materials 
Surfactant adsorption 
Inorganic precursor’s 
adsorption 
Composite particle Hollow spheres Hollow spheres 
Calcinations 
Exposure to 
solvent 
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An alternative strategy for the synthesis of inorganic hollow particles is by 
direct adsorption of inorganic precursors onto surface of the organic template in 
conjunction with the sol-gel method. Inorganic alkoxide precursors are preferable for 
this purpose as they will easily hydrolyzed into amorphous phase as a result of its 
exposure to water or to the moisture in air. A common example inorganic alkoxide 
precursor is titanium tetraisopropoxide (Fig. 2). This alkoxide of titanium (IV) is 
widely used in organic synthesis and materials science. 
 
                
Fig. 2. Molecular structure of titanium tetraisopropoxide. 
 
Titanium tetraisopropoxide reacts with water to deposit titanium dioxide (Eq. 1). 
Ti{OCH(CH3)2}4 + 2 H2O → TiO2 + 4 (CH3)2CHOH   (1) 
This reaction is often employed in the sol-gel synthesis of TiO2-based materials. 
Typically, water is added to a solution of the alkoxide in alcohol. The nature of the 
inorganic product is determined by the presence of additives (e.g., acetic acid), the 
amount of water, and the rate of mixing. 
 7 
 
Li et al. has reported the fabrication of titania hollow particles utilizing 
sulfate-stabilized PS particles as a template in conjunction with the sol-gel methods 
[10]. They used titanium tetrabutoxide (TBOT)-ethanol solution as the titania 
precursors. The general mechanism of the synthesis is shown in Fig. 3. Although they 
succeeded in getting hollow titania particles with controllable shell thickness, their 
method resulted in the formation of relatively high surface roughness and irregular 
coatings. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. General mechanism in the preparation of inorganic hollow spheres using 
organic material as a template by direct adsorption of inorganic precursors 
onto surface of the organic template in conjunction with the sol-gel method. 
Inorganic precursor’s 
adsorption through 
sol-gel mechanism 
Composite particle Hollow spheres 
Calcinations 
Organic template 
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Yang et al. reported that titania particles are formed preferentially on 
sulfonated polystyrene-gel [11]. It was predicted that the sulfonation results in the 
increase in amphipilic nature of the polystyrene gel. Thus, this kind of template is 
expected to have a better performance for synthesis of submicrometer-sized titania 
hollow spheres. They also reported that sulfonated PS particles, which prepared by 
immersing dried PS particles in large quantity of concentrated sulfuric acid, have 
resulted in the formation of smoother titania coatings. However, they also reported 
that most of the resulted hollow spheres are fragile and easily fragmentized into bowl-
like pieces. 
 
1.2.1.2. Inorganic Templating Method 
Recently, some researchers used nano-sized calcium carbonate (CaCO3) as the 
sacrificial core template to prepare hollow sphere particles followed by removal of 
the CaCO3 core by acid solution. Le et al. have prepared porous hollow silica 
nanoparticles with a diameter of 60-70 nm using CaCO3 nanoparticles as the 
inorganic template [12]. They also developed a double-template method, in which the 
CaCO3 nanoparticles serve as core templates and the cetyltrimethylammonium 
bromide (CTAB) as wall structure-directing agents [13]. The experimental results 
indicate that the as-prepared samples have an average external diameter of about 85 
nm and has occurrence of disordered mesopores in shell walls. 
 
1.2.2. Emulsion Templating Method 
This method is designed to produce hollow structure by inheriting the 
emulsion template. Emulsion may be defined as a heterogeneous system, consisting 
of at least two immiscible liquids or phases. As emulsion is thermodynamically 
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unstable, rearrangement from droplets into two bulks liquid will occur with a net 
reduction in interfacial area, and this is energetically favorable. The surfactants or 
polymers, which can stabilize emulsions, are very important for this method. 
Park et al. have prepared hollow silica microspheres in water-in-oil (W/O) 
emulsions with polymers using tetraethyl orthosilicate (TEOS) as silica precursors 
[14]. In their experiments, to obtain hollow structures in silica particles, the viscosity 
of water droplets in W/O emulsion was controlled with polyethylene glycol (PEG) or 
polyvinylpyrrolidone (PVP). To stabilize the emulsion structure, hydroxypropyl 
cellulose (HPC) was added to the oil phase. They reported that the resulted hollow 
silica microspheres were in fairly regular shapes. 
 
1.2.3. Surfactant-Assisted Templating Method 
Templating processes based on the hydrolysis and cross-linking of inorganic 
precursors at the surface of supramolecular surfactant assemblies have been used to 
prepare hollow particles. Tanev et al. have reported the preparation of porous 
lamellar silica that have vesicular structure, a high degree of thermal stability, cross-
linking framework, and very high specific surface area and pore volume [15]. Their 
approach is based on the hydrolysis and cross-linking of a neutral inorganic alkoxide 
precursor in the interlayered regions of multilamellar vesicular of a neutral bola-
amphiphile surfactant that contains two polar head groups linked by a hydrophobic 
alkyl chain. The templating synthesis most likely occurs through the assembly of 
neutral diamine surfactants into multilamellar vesicles. The multilamellar regions of 
the vesicles are composed of closed packed layers of the surfactant separated by 
water layers. The added TEOS penetrates the vesicles interface, and diffuses into the 
multilamellar regions, resulting in participation in hydrogen bonding interactions with 
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the lone electron pairs on the surfactant head groups. The simultaneous growth of the 
parallel silica layers leads to the formation of vesicular particles. 
Ren et al. have prepared hollow TiO2 microspheres with mesoporous 
crystalline shells with the assistance of non-ionic poly (alkylene oxide) surfactant 
molecules [16]. The preparation of hollow microspheres of mesoporous titania was 
performed in a ethanol-surfactant system using decaoxyethylene cetyl ether 
(C16(EO)10) surfactant as the template. At first, a reaction process of alcoholysis of 
titanium alkoxide takes place slowly once the reactants are mixed. The formed 
partially hydrolyzed alkoxides (titanium oxo cluster of nanosized Ti-O particles) are 
allowed to interact with amphiphilic surfactant molecules through weak hydrogen 
bonding, forming mesostructured hybrid inorganic/organic precursor nanoparticles. 
These hydrophobic and partially-hydrolyzed alkoxides can be emulsified as droplets 
in the reaction mixture, and stabilized by surfactant at droplets/ethanol interface. 
Further gelling under autoclaving follows the formation of -O-Ti-O-Ti-O- network by 
polycondensation between the nanoparticle precursors, resulting in the formation of 
mesostructured spherical shells. 
 
1.2.4. Other Methods 
Spray pyrolysis is a powerful tool to synthesize a variety of materials such as 
metals, metal oxides, superconducting materials, fullerenes, and nanophase materials. 
Messing et al. have reviewed the formation of particles with different morphology 
using a variety of spray pyrolysis techniques [17]. The results showed that the spray 
pyrolysis techniques allow us to produce dense (solid), hollow, porous or fibrous 
particles, and even to deposit thin film, but the formation of hollow spherical particle 
is the most typical. 
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Lu et al. developed a rapid process to synthesize spherical particles, which 
relies on evaporation-induced interfacial self-assembly confined to spherical aerosol 
droplets [18]. Their process started with a homogenous solution of soluble silica plus 
surfactant prepared in an ethanol/water solvent with initial surfactant concentration 
much less than the critical micelle concentration. They generated aerosol dispersion 
within a tubular reactor. Continuously, the aerosol particles were dried, heated, and 
collected. During drying process, the preferential alcohol evaporation enriches the 
particles in surfactant, water and silica, inducing the micelle formation. The resulting 
particles are commonly solid, with highly ordered hexagonal, cubic, or vesicular 
mesostructures. However, the premature solidification usually results in the formation 
of hollow particles. 
Some researchers have proposed to prepare hollow particles using 
electrostatic atomization combined with alcohol solidification [19]. They used 
equipment which is equipped with a nozzle of a stainless-steel hypodermic needle. 
The ground electrode is an aluminum plate with a hole at its center for the produced 
droplets to pass through. High voltage is applied between the nozzle and the ground 
electrode using a direct current high voltage supply. The material in the sample vessel 
is pressurized by gas, and flows through the nozzle. The nozzle can be used to control 
the particle size by adjusting the voltage. The produced droplets immediately fall into 
an alcohol bath to dehydrate their surface. After filtered and dried, the hollow 
particles were produced. 
 
1.3. Applications of Inorganic Hollow Spheres  
The followings are some applications of inorganic and hybrid hollow sphere 
particles. 
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1.3.1. Photocatalysis 
Titanium dioxide (TiO2) is a promising photocatalyst that is able to degrade 
many kinds of organic pollutants in air as well as in water. Although titania has been 
intensively investigated, its application in photocatalysis is still limited because of its 
low efficiency in solar energy conversion. To enhance the efficiency, the absorption 
spectrum of titania is expected to extend to the visible range. Some researchers [9, 16, 
20] found that the titania hollow particle has a smaller band gap energy and an 
obvious absorption shift towards longer wavelength. Han et al. reported that the onset 
wavelength (λ onset) of the spectra recorded from titania of anatase is about 420 nm, 
while that of titania hollow particles shift toward longer wavelength region [20]. The 
effective band gap can be defined as the energy necessary to create an electron (e-) 
and hole (h+) pair, and for the excited electron-hole pair to form a bound state, i.e., 
Wannier exciton. The reduction of the band gap energy for titania hollow particles 
compared with dense titania of anatase can be easily predicted since a red shift of 
λ onset was observed for titania hollow particles. This fact also indicates that the 
titania hollow microshperes should be efficient in photocatalysis applications, 
especially on a photocatalytic system which utilized visible light (e.g., solar light). 
Song et al. have reported the preparation of silver-coated poly (methyl acrylic 
acid) (PSA) core-shell colloid particles by an in situ chemical reduction method [9]. 
They prepared crystalline silver/titania composite hollow spheres by coating the as-
prepared PSA/silver particles with an amorphous titania layer and subsequently 
calcinating them in Ar atmosphere. They reported that the obvious shift in the 
absorption of the silver/titania composite hollow spheres toward longer wavelength 
might be related to the hollow structure of silver/TiO2 particles, although the exact 
mechanism is not clear yet. The UV-Vis investigation indicated the as-prepared 
hollow spheres particles showed broad and relatively strong absorption in visible 
region.  
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1.3.2. Catalysis 
Many palladium complexes have been used in homogenous catalysis systems, 
especially in the synthesis of natural products, nucleoside analogues, and 
pharmaceuticals. Kim et al. have reported the preparation of hollow palladium 
spheres by using the templates of uniform silica spheres [21]. Their investigation 
resulted in the fact that palladium hollow spheres are highly active. In addition, the 
catalyst can be recycled and reused several times without significantly losing its 
catalytic activity. The high surface area of palladium spheres resulting from the 
nanoparticlar nature of the shell is responsible for their high catalytic activity. Earlier 
studies reported that palladium nanoparticles were usually agglomerated after one 
cycle, resulting in a loss of catalytic activity [21]. Heterogeneous catalysts often 
suffer from extensive leaching of the active metal species during reactions and 
eventually lose their catalytic activities after several recycles. Elemental analysis of 
the filtrate after the reaction demonstrated that there was no leached of palladium 
from the hollow spheres. This fact is very important especially when palladium 
catalysts are used for pharmaceutical productions. 
 
1.3.3. Drug Delivery  
Silica is an important drug delivery media because its surface is rich in surface 
silanol groups which can easily react with alcohol and silane coupling agents to 
produce dispersions that are not only stable in non-aqueous solvents but also provide 
the ideal anchorage for covalent bonding of specific ligands. In addition, the silica 
surface confers high stability to suspensions of the particles at high volume fractions, 
change in pH, or change in electrolyte concentration. 
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Chen et al. have reported a synthesis of porous hollow silica nanoparticles by 
using CaCO3 nanoparticles as the inorganic template [22]. The hollow particles were 
uniform spherical particles with a diameter of 60-70 nm. The wall thickness was 
approximately 10 nm and a specific surface area of 867 m2/g. The resulted silica 
hollow particles were subsequently employed as drug carrier to investigate in vitro 
release behavior of cefradine in simulated body fluid. 
Recently, the use of magnetic particles for the delivery of drugs or antibodies 
to the organs or tissues altered by disease has become an attractive field of research. 
The process of drug localization using magnetic delivery system is based on the 
competition between forces exerted on the particles by flood compartment and 
magnetic force generated from the magnet, i.e. applied field. When the magnetic 
force exceed the linear blood flow rates in arteries or capillaries, the magnetic 
particles are retained at the target site and may be internalized by the endothelial cells 
of the target tissues. Tartaj et al. have reported the preparation of silica coated Fe2O3 
hollow spherical particles with an average size of 150 nm by aerosol pyrolysis of 
methanol solution containing iron ammonium citrate and TEOS at a total salt 
concentration of 0.25 M [23]. It is worth mentioning that the small particles size of 
the composite renders these particles a potential candidate for their use in in vitro 
applications. 
 
1.3.4. Papermaking 
One of disadvantages of recycled paper when compared to paper from virgin 
pulp is the difficulty to gain high brightness. To improve the brightness, papermakers 
make efforts to develop recycling process such as introducing a strong surfactant in 
flotation and intensive bleaching. However, this process requires more water and 
energy, causing adversity to the environment. Another possible idea is to hide gray 
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appearance with an efficient coating or internal loading for high opacity. Hollow 
spheres made of calcium carbonate could be suitable for this purpose because hollow 
structure scatters more light resulting in higher brightness and opacity. 
It has reported that the density of paper loaded with the spherical calcium 
carbonate hollow particles was lower than that of unloaded paper [24]. This is often 
the case with filler loading because of acting as obstruction to inter-fiber bonding. 
The spherical particles increased surface smoothness presumably because the 
spherical particles trended to align with a flat surface due to their shape and no 
irregularly large particles protruding above the surface. The specific light scattering 
coefficient also increased with the hollow spherical particles due to their porous 
structure. This finding suggests that the hollow spherical particles are promising for 
coating use although attention must be paid to coating rheology. Other than that, the 
possible thermal insulation due to the hollow structure is a unique feature to 
potentially enhance thermal wax-transfer printing. It was found that more addition of 
spherical hollow particles provided a larger area of wax ink transfer because efficient 
thermal insulation due to the porous structure maintained the temperature of the 
heated head and gave high ratios of wax ink transfer from ribbon to paper [20]. 
 
1.4. Titania Hollow Spheres: Their Nature in Phocatalytic Systems 
1.4.1. Titanium Dioxide: General Overview 
Titanium dioxide, also known as titanium (IV) oxide or titania, is a naturally 
occurring oxide of titanium, having a chemical formula of TiO2 and a typical white 
physical appearance (Fig. 4). When used as a pigment, it is called titanium white, 
Pigment White 6, or CI 77891. It is noteworthy that titanium dioxide has wide range 
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of applications such as paint, sunscreen, and food coloring. The technical data sheet 
of TiO2 is given in Table 1. 
 
 
Fig. 4. Physical appearance of titanium dioxide showing bright-white powders. 
 
The natural occurrences of titanium dioxide are in four forms: 
 Anatase or octahedrite, a tetragonal mineral of dipyramidal habit (Fig. 5, left); 
 Rutile, a tetragonal mineral usually of prismatic habit, often twinned (Fig. 5, 
right); 
 Brookite, an orthorhombic mineral. Both anatase and brookite are relatively rare 
minerals; 
 Titanium dioxide (B) or TiO2 (B), a monoclinic mineral. 
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Table 1. Technical data sheet of titanium dioxide 
 
Properties 
 
 
Information 
Chemical name Titanium dioxide 
 Titanium(IV) oxide 
Other names Titania 
 Rutile 
 Anatase 
 Brookite 
Chemical formula TiO2 
Molecular mass 79.87 g/mol 
Appearance White solid 
CAS number [13463-67-7] 
HS number Titanium oxides: 2823.00 
 2823.00.10.000(anatase) 
 2823.00.90.000(others) 
Density 4.23 g/cm3 
Bulk Density 0.85 g/cm3 
Melting point 1870 °C (3398 °F) 
Boiling point 2972 °C (5381.6 °F) 
Dielectric Constant εr 80-110 
Heat Capacity 298.13 J/(mol °C) 
Heat Conductivity 6.531 W/(m K) 
Lin. Coeff. Therm Exp. 8.19 °C<-1 
Elastic Module 244 GPa 
Bulk modulus Rutile: 210 GPa 
Hardness 5-6.5 Mohs 
El. Resistivity 3x105 Ω at 773 K 
Ref. Index(ng,nm,np) Rutile: 2.9467,-,2.6506 
 α-rutile: 2.908,-,2.621 
 Anatase: 2.5688,-,2.6584 
 γ-anatase: 2.448,-,2.261 
 Brookite: 2.809,-,2.677 
 α-brookite: 2.7004,2.5843,2.5831 
Solubility  Insoluble 
ΔfHogas −249 kJ/mol 
ΔfHoliquid  −879 kJ/mol 
ΔfHosolid −944 kJ/mol 
Sosolid 
 
51 J/mol·K 
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Fig. 5. Two different crystal structure of titanium dioxide: anatase (left) and rutile 
(right). 
 
Titanium dioxide occurrences in nature are never pure; it is found with 
contaminant metals such as iron. The oxides can be mined and serve as a source for 
commercial titanium. The metal can also be mined from other minerals such as 
ilmenite or leucoxene ores, or one of the purest forms, rutile beach sand. 
Titanium dioxide, particularly in the anatase form, is a photocatalyst under 
ultraviolet light. Recently it has been found that titanium dioxide, when spiked with 
nitrogen ions, is also a photocatalyst under visible light. The strong oxidative 
potential of the positive holes oxidizes water to create hydroxyl radicals. It can also 
oxidize oxygen or organic materials directly. Titanium dioxide is thus added to 
cements, windows, tiles, or other products for sterilizing, deodorizing, anti-fouling 
properties, and also used as a hydrolysis catalyst. It is also used in the Graetzel cell, a 
type of chemical solar cell. Titanium dioxide has potential use in energy production 
as a photocatalyst; it can carry out hydrolysis, i.e., break water into hydrogen and 
oxygen. The collected hydrogen then could be used as a fuel. The efficiency of this 
process can be greatly improved by doping the oxide with carbon. As TiO2 is exposed 
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to UV light, it becomes increasingly hydrophilic; thus, it can be used for anti-fogging 
coatings or self-cleaning windows. TiO2 incorporated into outdoor building materials, 
such as paving stones in noxer blocks, can substantially reduce concentrations of 
airborne pollutants such as volatile organic compounds and nitrogen oxides. 
TiO2 also offers great potential in an industrial technology for detoxification 
or remediation of wastewater due to several factors; (i) The process occurs under 
ambient conditions, (ii) The formation of photocyclized intermediate products, unlike 
direct photolysis techniques, is avoided, (iii) Oxidation of the substrates to CO2 is 
complete, (iii) The photocatalyst is inexpensive and has a high turnover, and (iv) 
TiO2 can be supported on suitable reactor substrates. 
As a pigment of high refringence, titanium dioxide is the most widely used as 
a white pigment because of its brightness and very high refractive index (n=2.4), in 
which it is surpassed only by a few other materials. When deposited as a thin film, its 
refractive index and color make it an excellent reflective optical coating for dielectric 
mirrors and some gemstones. TiO2 is also an effective opacifier in powder form, 
where it is employed as a pigment to provide whiteness and opacity to products such 
as paints, coatings, plastics, papers, inks, foods, and most toothpastes. Used as a 
white food coloring, it has E number E171. In cosmetic and skin care products, 
titanium dioxide is used both as a pigment and a thickener. It is also used as a tattoo 
pigment and styptic pencils. This pigment is also used extensively in plastics and 
other applications for its UV resistant properties where it acts as a UV reflector. 
In ceramic glazes titanium dioxide acts as an opacifier and seeds crystal 
formation. In almost every sunscreen with a physical blocker, titanium dioxide is 
found both because of its refractive index and its resistance to discoloration under 
ultraviolet light. This advantage enhances its stability and ability to protect the skin 
from ultraviolet light. Sunscreens designed for infants or people with sensitive skin 
 20 
 
are often based on titanium dioxide and/or zinc oxide, as these mineral UV blockers 
are less likely to cause skin irritation than chemical UV absorber ingredients, such as 
avobenzone.  
 
1.4.2. Titanium Dioxide: Their Role as Semiconductor Photocatalyst 
1.4.2.1. Introduction 
Semiconductor photocatalysis with a primary focus on TiO2 as a durable 
photocatalyst has been applied to a variety of problems of environmental interest in 
addition to water and air purification. It has been shown to be useful for the 
destruction of microorganism such as bacteria and viruses, for the inactivation of 
cancer cells, for odor control, for the photosplitting of water to produce hydrogen gas, 
for the fixation of nitrogen, and also for the cleanup of oil spills [25]. 
Semiconductors (e.g., TiO2, ZnO, Fe2O3, CdS, ZnS) can act as sensitizers for 
light-induced redox processes due to their electronic structure, which is characterized 
by a filled valence band and an empty conduction band. When a photon with an 
energy of hv matches or exceeds the band gap energy (Eg) of the semiconductor, an 
electron (eCB-) is promoted from the valence band (VB) into the conduction band 
(CB), leaving a hole (hVB+) behind (Fig. 6). Excited state conduction band electrons 
and valence band holes can recombine and dissipate the input energy as heat, get 
trapped in metastable surface states, or react with electron donors and electron 
acceptors adsorbed on the semiconductor surface or within the surrounding electrical 
double layer of the charged particles. 
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Fig. 6. Primary steps in the photoelectrochemical mechanism: (1) formation of charge 
carriers by a photon; (2) charge carriers recombination to liberate heat; (3) 
initiation of oxidative pathway by a valence-band hole; (4) initiation of 
reductive pathway by a conduction-band electron; (5) further thermal (e.g., 
hydrolysis or reaction with active oxygen species) and photocatalytic 
reactions to yield mineralization products; (6) trapping of a conduction-band 
electron in a dangling surficial bond to yield Ti (III); (7) trapping of a valence-
band hole at a surficial titanol group. 
 
In the absence of suitable electron and hole scavengers, the stored energy is 
dissipated within a few nanoseconds by recombination. If a suitable scavenger or 
surface defect state is available to trap the electron or hole, recombination is 
prevented and subsequent redox reaction may occur. The valence band holes are 
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powerful oxidants (+1.0 to +3.5 V vs. normal hydrogen electrode (NHE) depending 
on the semiconductor and pH), while the conduction band electrons are good 
reductants (+0.5 to -1.5 V vs. NHE) [25]. Most organic photodecomposition reactions 
utilize the oxidizing power of the holes, either directly or indirectly. However, to 
prevent a buildup of charge, one must also provide a reducible species to react with 
the electrons. In contrast, on bulk semiconductor electrodes only one species, either 
the hole or electron, is available for reaction due to band bending [25]. However, in 
very small semiconductor particle suspensions, both species are present on the 
surface. Therefore, careful consideration of both the oxidative and the reductive paths 
is required. 
The applications of illuminated semiconductors to the remediation of 
contaminants have been used successfully for a wide variety of compounds such as 
dyes, alkanes, aliphatic alcohols, aliphatic carboxylic acids, alkenes, phenols, 
aromatic carboxylic acids, simple aromatics, halogenated alkanes and alkenes, 
surfactants, and pesticides as well as for the reductive deposition of heavy metals 
(e.g., Pt4+, Au3+, Rh3+, Cr6+) from aqueous solution to surfaces. In many cases, 
complete mineralization of organic compounds has been reported. 
 
1.4.2.2. Mechanisms of Semiconductor Photocatalysis 
On the basis of laser flash photolysis measurements, Hoffmann et al. have 
proposed the following general mechanism for heterogeneous photacatalysis on TiO2 
[25]. Characteristic times for the various steps in the mechanism are given to the right 
of each step (Eqs. 2-9). 
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Primary process 
 
Characteristic Times 
 
 
Charge-carrier generation 
TiO2 + hv → hVB+ + eCB- 
 
 
(fs) 
 
 
(2) 
 
Charge-carrier trapping 
hVB+ + >TiIVOH → {>TiIVOH●}+ 
eCB- + >TiIVOH ↔ {>TiIIIOH} 
 
eCB- + >TiIV → >TiIII 
 
 
fast (10 ns) 
shallow trap (100 ps) 
(dynamic equilibrium)  
deep trap (10 ns) 
(irreversible) 
 
 
(3) 
(4) 
 
(5) 
 
Charge-carrier recombination 
eCB- + {>TiIVOH●}+ → >TiIVOH 
hVB+ + {>TiIIIOH} → TiIVOH 
 
 
slow (100 ns) 
fast (10 ns)   
 
 
(6) 
(7) 
 
Interfacial charge transfer 
{>TiIVOH●}+ + Red → >TiIVOH + Red●+ 
eTR- + Ox → TiIVOH + Ox●+ 
 
 
slow (100 ns) 
very slow (ms) 
 
 
(8) 
(9) 
 
where >TiOH represents the primary hydrated surface functionality of TiO2, eCB- is a 
conduction band electron, eTR- is a trapped conduction band electron, hVB+ is a 
valence band hole, Red is an electron donor (i.e., reductant), Ox is an electron 
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acceptor (i.e., oxidant), {>TiIVOH●}+ is the surface-trapped valence band hole, and 
{>TiIIIOH} is the surface-trapped conduction band electron. The dynamic equilibrium 
of Eq. 4 represents a reversible trapping of a conduction band electron in a shallow 
trap below the conduction band edge, so that there is a finite probability that eTR- can 
be transferred back into the conduction band at room temperature. This step is 
possible by considering that kT at 25 oC is equivalent to 26 meV. Trapped electrons 
have been estimated to lie in the range of 25 to 50 meV below the conduction band 
edge of TiO2 [25]. 
According to the overall mechanism, the quantum efficiency for interfacial 
charge transfer is determined by two critical processes. They are the competition 
between charge-carrier recombination and trapping (picoseconds to nanoseconds) 
followed by the competition between trapped carrier recombination and interfacial 
charge transfer (microseconds to milliseconds). An increase in either the 
recombination lifetime of charge carriers or the interfacial electron transfer rate 
constant is expected to result in higher quantum efficiencies for steady-state 
photolysis.  
In most experiments and applications with semiconductor photocatalysts, 
oxygen is present to act as the primary electron acceptor. As a consequence of the 
two-electron reduction of oxygen, H2O2 is formed (Eqs. 10-12). 
eTR- + TiIVO2 → >TiIVO2●-       (10) 
>TiIVO2●- + H3O+ → TiIVOH2 + HO2●     (11) 
2HO2● + 2H+ → H2O2 + O2       (12) 
This process is particular interest since Gerischer et al.  have suggested that electron 
transfer to oxygen may be the rate-limiting step in semiconductor photocatalysis [26, 
27]. Hydroxyl radicals are formed on the surface of TiO2 by the reaction of hVB+ with 
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adsorbed H2O, hydroxide, or surface titanol groups (>TiO2). These processes are 
illustrated in Fig. 7. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Secondary reactions with activated oxygen species in the photo-
electrochemical mechanism. 
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H2O2 may also contribute to the degradation of organic and inorganic electron 
donors by acting as a direct electron acceptor or as a direct source of hydroxyl 
radicals due to homolytic cleavage. However, it is also important to be pointed out 
that due to the redox potentials of the electron-hole pair, H2O2 can theoretically be 
formed via two different pathways in an aerated aqueous solution (Eqs. 13, 14). 
O2 + 2eCB- + H+ → H2O2       (13) 
2H2O + 2hVB+ → H2O2 + 2H+      (14) 
Hoffman et al. have shown that the quantum yield for H2O2 production during the 
oxidation of a variety of low molecular weight compounds has pronounced 
Langmuirian dependence on the O2 partial pressure. These facts suggest that the 
primary formation of H2O2 occurs via the reduction of adsorbed O2 by conduction 
band electrons. 
 
1.4.2.3. Metal Oxide Semiconductors and TiO2 
Several simple oxide and sulfide semiconductors have band gap energies 
sufficient for promoting or catalyzing a wide range of chemical reactions of 
environmental interest. They include TiO2 (Eg = 3.2 eV), WO3 (Eg = 2.8 eV), SrTiO3 
(Eg = 3.2 eV), α-Fe2O3 (Eg = 3.1 eV), ZnO (Eg = 3.2 eV), and ZnS (Eg = 3.6 eV). 
However, among these semiconductors TiO2 has proven to be the most suitable for 
widespread environmental applications. TiO2 is biologically and chemically inert; it 
is stable with respect to photocorrosion and chemical corrosion; and it is inexpensive. 
The primary criteria for good semiconductor photocatalysts for organic compound 
degradation are that the redox potential of the H2O/●OH (OH- + e-; Eo = -2.8 V) 
couple lies within the band gap domain of the material and that they are stable over 
prolonged periods of time. The metal sulfide semiconductors are unsuitable based on 
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the stability requirements in that they readily undergo photoanodic corrosion, while 
the iron oxide polymorphs (α-Fe2O3, α-FeOOH, β-FeOOH, δ-FeOOH, and γ-FeOOH) 
are not suitable semiconductors, eventhough they are inexpensive and have nominally 
high band gap energies, because they are readily undergo photocathodic corrosion 
[29]. 
TiO2 in the anatase form appears to be the most photoactive and the most 
practical semiconductors for widespread environmental application such as water 
purification, wastewater treatment, hazardous waste control, air purification, and 
water disinfection [25]. ZnO appears to be a suitable alternative to TiO2; however, 
ZnO is unstable with respect to incongruous dissolution to yield Zn(OH)2 on the ZnO 
particle surfaces and thus leading to catalyst inactivation. Some researchers claim that 
rutile phase of TiO2 is catalytically inactive or much less active compared to that of 
TiO2 of anatase [30-32], while others find that rutile has selective activity toward 
certain substrates. Highly annealed (T ≥ 800 oC) rutile appears to be photoinactive in 
the case of 4-chlorophenol photodegradation [30-32]. 
 
1.4.3. Titania Hollow Spheres: Their Potential Role as Photocatalyst 
As it has been mentioned earlier in this chapter, titania nano particles have 
attracted much attention of scientists because of their photocatalytic activity for the 
decomposition of various environmental pollutants, such as NOx in air, fertilizers in 
water [25, 33, 34], and also some organic dyes such methylene blue (MB), reactive 
blue, reactive orange, methyl red, congo red, eosin Y, etc [35-42]. Although titania 
has already been known for its wide range of applications, its low absorption in 
visible region is a drawback from a view point of effective use of solar energy. 
Several studies have been carried out to extend the absorption to the visible region, 
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for example, by metal ion-implantation [43-45], by doping nitrogen atoms [46, 47], 
sulfur atoms [48, 49], or carbon atoms [50] into titanium dioxide nanoparticles. 
One of promising candidates of solar energy responsive photocatalysts is 
titania hollow spheres. Compared to dense titania particles, titania hollow spheres 
have such advantages that they have lighter density and larger surface area. In 
addition, it is predicted that the titania hollow spheres have excellent properties as a 
photocatalyst as well as the dense titania particles. Even though there are very rare 
reports about photoactivity of titania hollow spheres, some researchers found that the 
hollow titania particle has a smaller band gap resulting in the absorption in longer 
wavelength region [9, 16, 20]. This fact has made the titania hollow spheres a 
promising photocatalyst that is able to use sunlight more efficiently to degrade 
organic pollutans in environments. However, there was a fact that it was generally 
difficult to synthesize the titania hollow spheres. Although the use of polymer 
templates has recently proven to be very successful to fabricate hollow spherical 
structure of inorganic materials, there remain a lot of problems in the synthesis of 
titania hollow spheres. The titania precursors are highly reactive, so that it difficult to 
control their precipitation. Utilization of sulfate-stabilized polystyrene (PS) latexes 
[10] or dried-immersed sulfonated PS particles [11] has resulted in successful 
synthesis to some extent. However, these methods also suffer from the problem that 
the resulted titania hollow spheres have irregular surfaces and relatively fragile titania 
shell walls. In this regard, we have proposed an alternative method to obtain hollow 
titania spheres with smooth and well defined layer of titania. We have employed 
sulfonated PS latex particles, which are prepared by emulsifier-free emulsion 
polymerization method, as a template in conjunction with the sol-gel method using 
titanium tetrabutoxide (TBOT) as the titania precursors. The general mechanism of 
the proposed synthesis pathways are shown in Fig. 8. The expected advantage of the 
proposed method is that the resulted titania hollow spheres should bearing a relatively 
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smooth surface and dense arrangement of titanium dioxide layers. In addition, this 
method also has such another advantage that the shell thickness of the titania hollow 
spheres is readily tuned by altering the concentration of titania precursors. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Mechanism of the proposed synthesis pathways to fabricate titania hollow 
spheres with smooth and well defined layer of titania. 
 
The fact that the resulted titania hollow spheres have an absorption in the 
longer wavelength (red-shifted) in comparison to that of titania dense particles makes 
the titania hollow spheres as a promising photocatalyst, especially from the view 
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point of effective use of solar energy which has an intensity maximum in visible light 
region. In this regard, we have tried to examine the photocatalytic activity of the 
titania hollow spheres by employing methylene blue (MB) as a target compound, 
which is often used as a standard target compound in a test of photocatalysts. The 
photocatalytic activity examination of the titania hollow spheres was conducted by 
utilizing a light source of 150 W xenon lamp equipped with UV-D33S band pass 
filter (λ =220-440 nm) to give the maximum intensity at 320-400 nm in order to 
simulate the actual UV-A region in solar-light. It is expected that the titania hollow 
spheres have a better photocatalytic activity within the selected region of wavelength 
in comparison to that of dense titania particles. 
Although in general, photocatalytic process which utilizes TiO2 
semiconductor photocatalyst has already been known for its widespread applications, 
there are some limitations that still persisted. The common limitations in the TiO2 
catalysis system is that the quantity of ●OH radicals cannot be increased infinitely as 
overdosing of TiO2 scatters the light in the solution [51]. The recombination of photo-
generated electrons and holes is also known as a serious problem limiting the 
photocatalytic efficiency and obstructing the practical application of the 
photocatalytic process in the environmental areas [52, 53]. Several endeavors have 
been made to overcome this problem. One of them is to add proper electron donor (or 
acceptor) to the system. In general, molecular oxygen (O2) is most extensively used as 
an electron acceptor in heterogeneous photocatalysis systems [54]. The presence of 
O2 in the liquid phase inhibits the recombination of photo-generated electron-hole 
pairs and increases ●OH concentration [54]. Therefore, new developments of these 
technologies have focused on searching for better oxidants to increase the generation 
of radicals or to optimize the photodegradation process. 
It was reported that the use of inorganic oxidants, such as H2O2, ClO3-, BrO3-, 
and S2O8-, in TiO2 system increased the quantum efficiencies either by inhibiting 
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electron-hole pair recombination through scavenging conduction band electrons at the 
surface of TiO2 or by offering additional oxygen atom as an electron acceptor to form 
the superoxide radical ion (O2●-) [55-57]. Based on these facts, we have tried to 
examine the enhanced-photocatalytic activity of titania hollow spheres photocatalyst 
by employing oxyhalogens (ClO3-, BrO3-, IO4-) along with H2O2 and K2S2O8 as 
electron scavengers. We also have examined the optimization of the enhanced-
photocatalytic activity of titania hollow spheres photocatalyst for each electron 
scavenger. The effects of the electron scavengers on photocatalytic decomposition of 
MB by the titania hollow spheres photocatalyst have been elucidated in detail in this 
study. 
Overall, the main motivation for studying the titania hollow spheres is related 
to the development of a new type of photocatalyst which is highly useful for treating 
various environmental problems, especially in the regards of effective use of the solar 
energy for degrading various contaminants in water environment. Depending on the 
investigated system, the applications of this new type photocatalyst, especially on its 
optimization using electron scavengers, may give raise to the presence of unwanted 
chemical compounds in the residual water. This fact does not seem to be a serious 
drawback since there are no legal restrictions on sodium/potassium sulfate nor 
halogen salts, generated mainly by the use of electron scavengers, in residual waste 
water [58]. 
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Chapter 2 
 
Preparation of Submicrometer-sized Titania Hollow 
Spheres by Templating Sulfonated Polystyrene Latex 
Particles 
 
Submicrometers-sized titania hollow spheres with tunable shell thickness and 
smooth surfaces have been successfully synthesized by employing sulfonated 
polystyrene (PS) latex particles as a template in sol-gel method. The structure of the 
particles was characterized by scanning electron microscopy and transmission 
electron microscopy. The shell thickness was readily tuned by altering the 
concentration of titanium tetrabutoxide (TBOT) in ethanol solutions. The surface 
roughness as well as the shell thickness have tendency to increase with the increase in 
the concentration of TBOT. The diameter of the hollow spheres was on the average of 
20-26% smaller than the diameter of template PS latex particles. Some titania 
fragments were also observed for the sample with the highest TBOT concentration. 
 
2.1. Introduction 
Inorganic hollow spheres have increasingly attracted interest because of their 
potential applications in catalysis, controlled delivery, artificial cells, light fillers, low 
dielectric constant materials, acoustic insulation and photonic crystals [1, 2]. In recent 
years, the use of polymer templates to fabricate such hollow spherical structure of 
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inorganic materials has proven to be very successful. Caruso and co-workers 
fabricated hollow spheres using core-shells particles prepared by layer-by-layer 
(LBL) methods [1-3]. Shiho and co-workers have reported on the preparation of 
hollow spheres of metal oxides using polystyrene particles stabilized by 
polyvinylpyrrolidone (PVP) [4].  
In this study, we describe the synthesis of submicrometer-sized titania hollow 
spheres with tunable shell thickness and void volume by employing sulfonated 
polystyrene (PS) latex particles as a template in sol-gel method. Titania particles have 
received enormous attention due to their excellent properties as a photocatalyst and 
wide ranged applications [5, 6]. Titania-coated particles are also very useful as 
catalysts [7]. However, it is generally difficult to synthesize the titania-coated 
particles because the titania precursors are highly reactive, making it difficult to 
control their precipitation [8]. This property of the precursors easily causes the 
aggregation of the core particles or the formation of separate titania particles without 
cores. To overcome this difficulty, Li and Zhang utilized sulfate-stabilized PS 
particles as a template in conjunction with the sol-gel methods [9]. Although they 
succeeded in getting hollow titania particles with controllable shell thickness, their 
method resulted in the formation of relatively high surface roughness and irregular 
coatings. 
Yang et al. reported that titania particles are formed preferentially on 
sulfonated polystyrene-gel [10]. It was predicted that the sulfonation results in the 
increase in amphiphilic nature of the polystyrene-gel [10]. Thus, this kind of template 
is expected to have a better performance for synthesis of submicrometer-sized titania 
hollow spheres. Yang and co-workers reported that sulfonated PS particles, which 
prepared by immersing dried PS particles in large quantity of concentrated sulfuric 
acid, have resulted in the formation of smoother titania coatings [10]. However, they 
also reported that most of the resulted hollow spheres are fragile and easily 
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fragmentized into bowl-like pieces. Therefore, we tried to propose an alternative 
method to obtain hollow titania particles with smooth and well defined layer of 
titanium oxide. We employed sulfonated PS latex particles which were prepared by 
emulsifier free emulsion polymerization methods.  In contrast to the case of Yang and 
coworkers [10], we have succeeded in preparing titania hollow spheres with a strong, 
thick and relatively smooth shell walls.  The effect of the concentration of titanium 
tetrabutoxide (TBOT) on the shell thickness and surface roughness were also 
investigated. 
 
2.2. Experimental Sections 
2.2.1. Chemicals  
Starting reagents for preparation of template latex particles were styrene 
(99.0%, Sigma Aldrich), sodium p-styrenesulfonate (NaSS, Sigma Aldrich) and 
potassium persulfate (KPS, 98.0%, Sigma Aldrich). The styrene was distilled under 
reduced pressure after being washed with NaOH solutions. The NaSS and KPS were 
analytical grade and were used without further purification. For titania coating, 
titanium tetrabutoxide (TBOT, 97.0%, Sigma Aldrich) was used. Ethanol (99.5%, 
Wako) was used as recieved. Water was first distilled, and then purified with Mili Q 
ultra-filtration system. 
 
2.2.2. Preparation of Template Latex Particles 
Sulfonated PS latex particles were prepared by emulsifier-free emulsion 
polymerization at an initiator KPS concentration of 8 mM and a styrene concentration 
of 1.6 M in the presence of 2.5 mM NaSS. The mixture was purged with nitrogen to 
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remove oxygen before the polymerization was initiated. The polymerization reaction 
was carried out for 12 h at 70 0C under mechanical stirring at 300 rpm.  
 
2.2.3. Preparation of Titania Hollow Spheres 
Known amount of TBOT was dissolved in ethanol under vigorous stirring for 
5 min in order to prepare TBOT-ethanol solutions with TBOT concentrations of 0.15, 
0.20, 0.25 and 0.50 M. Then, 0.5 g of PS latex particles were dispersed in 20 mL of 
each TBOT solution by ultrasonic agitation for 30 min. The latex particles coated 
with TBOT was separated by centrifugation. After being placed in the air at room 
temperature for 12 h and at 80 0C for 3 h, titania-PS composite particles were formed. 
In order to produce titania hollow spheres of anatase, the titania-PS composite 
particles were calcined at 500 0C for 4 h in the air.  
 
2.2.4. Characterization 
The diameter of the template latex particles was observed by dynamic light 
scattering (DLS).  The hollow structures of titania particles were characterized by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 
SEM measurements were conducted on a Hitachi S-3000N scanning electron 
microscope with an accelerating voltage of 15 kV. TEM images were obtained on a 
Hitachi H-800MU microscope, using an accelerating voltage of 200 kV. X-ray 
powder diffraction (XRD) measurement was made on Shimadzu XRD-6100 
instrument with CuKα radiation. 
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2.3. Results and Discussion 
Sulfonated PS latex particles prepared by emulsifier-free emulsion 
polymerization were highly monodisperse and had an average diameter of 199.5 nm 
as measured by DLS (data not shown). Fig. 1 shows SEM images of titania-PS 
composite particles prepared using the sulfonated PS latex particles and TBOT-
ethanol solutions. As expected, the utilization of sulfonated PS latex particles as 
template materials has resulted in the formation of spherical shells of titania with 
relatively smooth surface. 
 
 
Fig. 1. SEM images of titania-PS composite particles formed by templating 
sulfonated PS latex particles. Concentration of TBOT in ethanol solutions are 
0.15 (A) and 0.50 M (B). 
Fig. 2 illustrates the SEM images of titania hollow spheres generated by 
calcinations of the titania-PS composite particles. The existence of hollow structure 
can be confirmed through some ruptured shell-walls. The low concentration of TBOT 
has resulted in the formation of relatively fragile hollow sphere’s shell, while the high 
concentration of TBOT has led to the formation of relatively smooth and rigid shell. 
This fact was realized by the decrease in the ruptured titania shell walls with 
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increasing concentration of TBOT. Besides the hollow spheres, some amount of TiO2 
fragments were formed from excess amount of TBOT. The fragments are generated 
by the reason that titania precursors are highly reactive, making it difficult to control 
their precipitation [8]. This property of the precursors easily causes the formation of 
separate titania particles without cores. X-ray powder diffraction showed that the 
crystallites of titania hollow spheres after calcinations are mostly anatase even tough 
very small amount of rutile were also present (data not shown). Before calcinations, 
X-ray diffraction showed that the titania were amorphous. 
 
 
Fig. 2. SEM images of titania hollow spheres obtained by calcinations of titania-PS 
composite particles. Concentrations of TBOT are: 0.15 (A), 0.20 (B), 0.25 (C) 
and 0.50 M (D) 
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Fig. 3 shows TEM images of titania hollow spheres particles. The strong 
contrast between the dark edges and plate centers indicates the hollow structure of 
titania spheres. These TEM images also revealed that the utilization of sulfonated PS 
latex particles as a template has resulted in the formation of spherical shells with 
relatively smooth surface and dense arrangement of titanium dioxide nanocrystals.  
 
 
Fig.3. TEM images for the same samples as in Fig. 2.   
 
It is clear from Fig. 3 that the shell thickness of the titania hollow spheres 
were able to be controlled by altering the concentration of TBOT. When the 
concentration of TBOT were 0.15, 0.20, 0.25 and 0.50 M, the shell thickness of the 
titania hollow spheres were approximately 9, 14, 17 and 23 nm, respectively. The 
void size of  titania hollow spheres were approximately about 147, 151, 155 and 159 
nm for the TBOT concentrations of 0.15, 0.20, 0.25 and 0.50 M, respectively. These 
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void sizes are about 20-26% smaller than the diameter of template particles.  This 
type of shrinkage of hollow spheres was also observed by another group [9]. The 
decrease in the pore diameter is the largest for the particles from the lowest 
concentration of TBOT.  This is reasonable because the lowest concentration of 
TBOT leads to the thinnest arrangement of the titania nano-crystal.   
 
2.4. Conclusions 
Submicrometer-sized titania hollow spheres with tunable shell thickness and 
void volume have been synthesized by employing sulfonated-polystyrene latex 
particles as a template in conjunction with the sol-gel method. The utilization of 
sulfonated-polystyrene latex particles as template materials has resulted in the 
formation of spherical hollow spheres with relatively smooth surface and dense 
arrangement of titanium dioxide layers. The void sizes of the hollow spheres were on 
the average of 20-26% smaller than the diameter of the template. The surface 
roughness of the titania hollow spheres were increased with the increase in the 
concentration of TBOT. The shell thickness of the titania hollow spheres particles 
was readily tuned by altering the concentration of TBOT. The highest concentration 
of TBOT (0.50M) has resulted in the formation of titania hollow spheres with a 
strong and thick shell walls. 
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Chapter 3 
 
Photocatalytic Activity of Titania Hollow Spheres: 
Photodecomposition of Methylene Blue as a Target 
Molecule 
 
The submicrometers-sized titania hollow spheres have been synthesized by 
employing sulfonated polystyrene latex particles as a template in sol-gel method. The 
hollow spheres have relatively smooth surface and dense arrangement of titanium 
dioxide layers. Photocatalytic activity of the hollow spheres was investigated by 
employing methylene blue (MB) as a target compound. It was observed that the 
particle size, size distribution, and crystallinity are important factors to get high 
photocatalytic activity for the decomposition of MB. 
 
3.1. Introduction 
Titania nanoparticles have attracted much attention of scientists because of 
their photocatalytic activity for the decomposition of various environmental 
pollutants, such as NOx in air, fertilizers in water [1-3], and also some organic dyes 
such methylene blue (MB), reactive blue, reactive orange, methyl red, congo red, 
eosin Y, etc. [4-11] Although titania has wide range of applications [12-21], its low 
absorption in visible region is a drawback from a view point of effective use of solar 
energy. Many studies have been carried out to extend the absorption to visible region, 
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for example, by metal ion-implantation [22-24], by doping nitrogen atoms [25, 26], 
sulfur atoms [27, 28], or carbon atoms [29] into titanium dioxide nano particles. 
One of promising candidates of solar energy-responsive photocatalysts is a 
hollow sphere. Even though there are very rare reports about photoactivity of titania 
hollow spheres, some researchers found that the hollow titania particle has a smaller 
band gap resulting in the absorption in longer wavelength region [30-32]. This fact 
has made the titania hollow spheres a promising photocatalyst that is able to use 
sunlight more efficiently to degrade organic pollutans in environments. 
In a previous study [33], we reported the synthesis of submicrometer-sized 
titania hollow spheres with tunable shell thickness and void volume by employing 
sulfonated polystyrene (PS) latex particles as a template in sol-gel method. In the 
present study, we studied their application to photocatalytic decomposition of MB, 
which is often used as a standard target compound in a test of photocatalysts, and also 
mixed into some fertilizers as a dye. The behavior of titania hollow spheres in 
photocatalytic decomposition of MB in aqueous medium was studied as a function of 
preparation method and their crystallinity. To our knowledge, this is the first report in 
which photocatalytic activities of titania hollow spheres are examined. 
 
3.2. Experimental Section 
3.2.1. Chemicals 
Styrene (99.0%, Sigma Aldrich), sodium p-styrenesulfonate (NaSS, Sigma 
Aldrich), potassium persulfate (KPS, 98.0%, Sigma Aldrich), titanium tetrabutoxide 
(TBOT, 97.0%, Sigma Aldrich), ethanol (99.5%, Wako), methylene blue (MB, Sigma 
Aldrich, reagent grade), and commercially available TiO2 (Ishihara Sangyo, ST-01, 
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diameter 7 nm) were used as received. Water was first distilled, and then purified 
with Mili Q ultra-filtration system. 
 
3.2.2. Synthesis and Characterization of Titania Hollow Spheres 
Synthesis of titania hollow particles was given in detail in the previous study 
[33]. The hollow structures of titania particles were characterized by transmission 
electron microscopy (TEM). TEM images were obtained on a Hitachi H-800MU 
microscope, using an accelerating voltage of 200 kV. X-ray powder diffraction 
(XRD) measurement was made on Shimadzu XRD-6100 instrument with CuKα 
radiation. UV-Vis absorption spectra of the titania hollow spheres were observed with 
Jasco Ubest-50 spectrophotometer equipped with an integrating sphere.  
 
3.2.3. Photocatalytic Decomposition of Methylene Blue 
0.0015 g of titania hollow spheres was dispersed into a 3 ml of an aqueous 
MB solution (4 ppm) and then irradiated with a 150 W xenon lamp equipped with 
UV-D33S band pass filter ( λ =220-440 nm) under continuous stirring.  For 
comparisson, the same procedure was also done for commercially available titania 
particles TiO2 (ST-01). The concentration of MB was determined from the 
absorbance at the wavelength of 664 nm.  
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3.3. Results and Discussion 
3.3.1. Characterization of Titania Hollow Spheres 
Fig. 1 shows examples of TEM images of titania hollow particles. The strong 
contrast between the dark edges and bright centers indicates the hollow structure of 
titania spheres. These TEM images also revealed that the utilization of sulfonated PS 
latex particles as a template has resulted in the formation of spherical shells with 
relatively smooth surface and dense arrangement of titanium dioxide nano-layers.  
 
 
Fig. 1. TEM images of titania hollow particles. TBOT concentration: 0.20 M (a) and 
0.50 M (b).   
 
It was found that the shell thickness of the titania hollow spheres were able to 
be controlled by altering the concentration of titanium tetrabutoxide (TBOT) [33]. 
When the concentration of TBOT were 0.15, 0.20, 0.25, and 0.50 M, the shell 
thickness of the titania hollow spheres were approximately 9, 14, 17, and 23 nm, 
respectively. The void size of titania hollow spheres were approximately 147, 151, 
155, and 159 nm for the TBOT concentrations of 0.15, 0.20, 0.25, and 0.50 M, 
respectively.  
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Fig. 2 shows an X-ray powder diffraction pattern for each sample. The X-ray 
diffraction pattern indicates that the crystallinity of the titania hollow spheres is 
mostly anatase after calcinations. It was observed that titania hollow spheres prepared 
using TBOT concentration of 0.20 M resulted in the formation of the finest anatase 
crystallinity. 
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Fig. 2. X-ray powder diffraction patterns of titania hollow spheres prepared using 
different concentration of TBOT (peak assignment: A, anatase; R, rutile). 
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Shown in Fig. 3 are UV-Vis absorption spectra of the calcined hollow spheres 
and TiO2 dense particles (TiO2-R). The TiO2-R particles have pure anatase 
crystallinity and an average diameter from several tens to hundreds nanometers. The 
pure anatase crystallinity of TiO2-R was confirmed by XRD measurements (data not 
shown). UV-Vis absorption spectrum of commercially available titania (ST-01) is 
also shown for comparison. The onset wavelength (λ onset) in the spectrum of TiO2-R 
particles (spectrum b) is about 380 nm, while the λ onset of the hollow spheres 
(spectrum a) shifts toward longer wavelength region to some extent. The λ onset in the 
spectrum of the ST-01 sample (spectrum c) is much more blue-shifted in comparison 
to that of TiO2-R spectrum. This phenomenon is mainly due to the quantum-size 
effect, which occurs on the ST-01 sample. The buff color observed for the hollow 
spheres is well consistent with these results. 
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Fig. 3. UV-Vis integrating spheres spectra of (a) calcined titania hollow spheres, (b) 
dense titania particle (TiO2-R), and (c) commercially available titania (ST-01). 
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There are two possibilities regarding the red shift in the absorption spectrum 
of the hollow spheres. The first possibility is the oxygen defects that probably 
occurred during formation of TiO2 particles. The effects of oxygen defects for 
extending the TiO2 activity to visible region was reported by Martyanov and co-
workers [34]. The second possibility is that C and/or S atoms, which were originated 
from sulfonated PS latex particles, will make the TiO2 hollow spheres to act as C- or 
S-doped TiO2 photocatalysts [23-25]. The exact reason is currently unclear, and will 
be elucidated in future study.  
 
3.3.2. Photocatalytic Activity of Titania Hollow Spheres 
Photocatalytic activities of titania hollow spheres, TiO2-R, and commercially-
available ST-01 have been investigated. Fig. 4 depicts the results on the 
photocatalytic decomposition of MB. The period A in Fig. 4 is the initial time (30 min 
for all the samples) during which the mixture of titania and MB in water was stirred 
in the dark. The period B denotes the time for the mixture to be exposed to UV 
irradiation. It is evident from Fig. 4 that there is no photooxidation in the dark. Only 
after the irradiation started, the decomposition of MB was initiated. It seems that 
almost all of MB molecules were decomposed during 180 minutes in the sample of 
(a), (b), and (d). The titania hollow spheres for 0.20 M TBOT concentration have the 
highest photoactivity. This seems to be due to the fact that this sample contains the 
highest anatase crystallinity as shown in Fig. 2. In addition to the content of anatase 
crystallinity, the uniformity size of the particles and the degree of aggregation are 
likely to be responsible for the enhanced photocatalytic activity for MB 
decomposition. The commercially available ST-01 sample has lower photoactivity 
compared to the hollow particles, though the average size of ST-01 (diameter: 7 nm) 
is much smaller than that of the hollow spheres. This lower photoactivity of ST-01 
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seems to be attributed to their absorption characteristics. In the photodegradation 
experiment, we used 150 W xenon lamp together with UV-D33S band pass filter 
(λ =220-440 nm). In this system, maximum light intensity is located around λ =370 
nm, while the ST-01 shows strong absorption in the region lower than 370 nm as 
clearly shown in Fig. 3. 
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Fig. 4. Photocatalytic decomposition of MB on titania hollow spheres, prepared using 
TBOT concentration of (a) 0.15 M, (b) 0.20 M, (c) 0.25 M, and (d) 0.50 M. 
Photocatalytic decomposition of MB was also carried out on (e) TiO2-R and 
(f) ST-01. 
 
For quantitative analysis of the decomposition reaction of MB, we employed a 
first-order kinetic model: 
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/ obsdC dt k C− =  
where kobs is the observed rate constant for the photodecomposition reaction. From 
this equation, we obtain: 
0ln lnobsC k t C= − +  
The relative concentration of MB remained in the solution is plotted against 
irradiation time in Fig. 5. The linearity between ln C and t is fairly good for all 
samples, suggesting that the present reaction is the first-order kinetics. From the slope 
of the line, the rate constants were calculated (table 1). It is clear from table 1 that the 
highest photoactivity was obtained for the sample (b) (kobs = 2.74x10-2 ppm min-1). 
There is a strong correlation between the photocatalytic activity and content of 
anatase crystalinity in the titania hollow spheres. It is currently unclear why the 
highest content of anatase form was obtained for the sample (b). The reason will be 
investigated in future study. 
 
Table 1. Observed rate constants (kobs) for photodecomposition of MB.  
 
Photocatalyst sample kobs /10-2 ppm min-1 
(a) Hollow TiO2 (0.15 M TBOT) 1.92 
(b) Hollow TiO2 (0.20 M TBOT) 2.74 
(c) Hollow TiO2 (0.25 M TBOT) 1.10 
(d) Hollow TiO2 (0.50 M TBOT) 1.90 
(e) TiO2-R 0.85 
(f) ST-01 0.58 
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Fig. 5. Plots of the concentration of MB remained in the solution against irradiation 
time of UV. The titania hollow spheres were prepared using TBOT 
concentration of (a) 0.15 M, (b) 0.20 M, (c) 0.25 M, and (d) 0.50 M. The same 
plots are also shown for (e) TiO2-R and (f) ST-01. 
 
3.4. Conclusions 
Submicrometer-sized titania hollow spheres with tunable shell thickness and 
void volume have been synthesized by employing sulfonated-polystyrene latex 
particles as a template in conjunction with the sol-gel method. The UV-Vis 
absorption spectra of these hollow samples showed a red shift of absorption edge 
compared to dense TiO2 particles (TiO2-R) and commercially-available TiO2 particles 
(ST-01). Photocatalytic decomposition of MB carried out in aqueous medium showed 
that the highest photocatalytic activity was given by titania hollow spheres which was 
prepared using 0.20 M TBOT (kobs = 2.74x10-2  ppm min-1).  Photocatalytic activity 
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of commercially-available ST-01 was lower than that of the hollow particles. This 
seems to be due to its poor response to the selected wavelength region of Xe-lamp 
irradiation used in this experiment. Particle size, size distribution, and crystallitnity of 
titania hollow particles were shown to be important factors in order to get high 
photocatalytic activity in the decomposition of MB in water.  
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Chapter 4 
 
Degradation of Methylene Blue in Aqueous 
Dispersion of Hollow Titania Photocatalyst: 
Optimization of Reaction by Hydrogen Peroxide 
Electron Scavenger 
 
Photocatalytic activity of the titania hollow spheres was examined by focusing 
on its optimization using hydrogen peroxide (H2O2) electron scavenger. Methylene 
blue (MB) was selected as a target molecule, because this molecule has been 
extensively used for evaluating the activities of photocatalysts. It was found that the 
existence of H2O2 electron scavenger was significantly increased the 
photodecomposition rate of MB. The optimal H2O2 concentration turned out to be 
150 mM when the TiO2 concentration is 0.6 g/L.  Higher dosage of H2O2 resulted in 
the inhibition of the reaction due to the hydroxyl radical scavenging effect. 
 
4.1. Introduction 
In recent years, research in new non-biological methods for removing aqueous 
environmental pollutants has led to processes which actually destroy these pollutants 
instead of simply extracting them from water (e.g., adsorption by active carbon, air 
stripping, etc.). Among them, those which produce hydroxyl radicals (●OH) have 
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made growing success as ●OH is one of the strong oxidative agents which are able to 
completely transform organic carbon into CO2 [1]. These radicals can be produced by 
a semiconductor after absorbing UV radiation (photocatalysis). 
 The photocatalytic process, which utilizes UV/TiO2 semiconductor 
photocatalyst, has received increasing attention because of its low cost, relatively 
high chemical stability of the catalyst, and the possibility of using sunlight as a source 
of irradiation [2-19]. The UV/TiO2 photocatalytic process is initiated by UV 
absorption by the semiconductor which results in the excitation of an electron from 
the valence band (VB) to the conduction band (CB): 
TiO2 + hν → eCB− + hVB+,       (1) 
where eCB− and hVB+ denote a trapped conduction-band electron and a valence band 
hole, respectively. The highly oxidative hVB+ (E0 = 2.8 V) may directly react with the 
surface-adsorbed organic molecule or indirectly via the formation of ●OH [2, 20]. The 
●OH radical is yielded by the reaction of the photo-generated valence band holes with 
hydroxyl ions (Eq. 2) or water molecules (Eq. 3) adsorbed on the TiO2 surface [21, 
22]: 
hVB+ + OH-(ads) → ●OH       (2) 
hVB+ + H2O(ads) → ●OH + H+        (3) 
The resulting ●OH radicals are very strong oxidative agents which can oxidize most 
of organic compounds [23].  
The recombination of photo-generated electrons and holes is often a serious 
problem limiting the photocatalytic efficiency and obstructing the practical 
application of the photocatalytic process in the environmental areas [24, 25]. Several 
endeavors have been made to overcome this problem. One of them is to add proper 
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electron donor (or acceptor) to the system. In general, molecular oxygen (O2) is most 
extensively used as an electron acceptor in heterogeneous photocatalysis systems [26]. 
The presence of O2 in the liquid phase inhibits the recombination of photo-generated 
electron-hole pairs and increases ●OH concentration [26]. Besides the addition of O2, 
the electron-hole recombination can be suppressed by the addition of irreversible 
electrons acceptors such as H2O2, (NH4)2S2O8, and KBrO3 [24]. Among them, 
hydrogen peroxide (H2O2) has proven to exhibit triple effect to increase oxidation 
rates of organic molecules in photocatalytic processes [27]: (i) it scavenges 
conduction band electrons and leaves more highly oxidative holes on catalyst surface, 
(ii) it generates more ●OH by reacting with the electrons which are emitted from the 
valence band, (iii) it may also be split photolytically to produce ●OH directly. These 
advantages have made H2O2 as a promising candidate to optimize the UV/TiO2 
photocatalytic process. Other than those, H2O2 is a commonly used, and also a cheap 
chemical [28].   
In previous studies, we have reported the synthesis of submicrometer-sized 
titania hollow spheres with tunable shell thickness and void volume [29], and also 
their photocatalytic activity by employing methylene blue (MB) as a model target 
molecule [30]. In the present study, we examined the optimization of enhanced-
photocatalytic activity of titania hollow spheres photocatalyst by employing H2O2 as 
an electron scavenger. The H2O2 effects on enhancing photocatalytic decomposition 
of MB were examined based on the preparation method of titania hollow spheres and 
the concentration of H2O2.  
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4.2. Experimental Section 
4.2.1. Chemicals 
Titanium tetrabutoxide (TBOT, 97.0%, Sigma Aldrich), ethanol (99.5%, 
Wako), methylene blue (MB, Sigma Aldrich, reagent grade), hydrogen peroxide 
(H2O2, Wako), and commercially available TiO2 (Ishihara Sangyo, ST-01, diameter 7 
nm) were used as received. Water was first distilled, and then purified with Mili Q 
ultra-filtration system. 
 
4.2.2. Synthesis and Characterization of Titania Hollow Spheres. 
Synthesis of the titania hollow particles template by sulfonated polystyrene 
latex particles was described in detail in the previous study [29]. The structures of 
hollow titania particles were characterized by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray powder diffraction (XRD), and UV-
Vis absorption spectroscopy [29, 30]. For comparison, the TiO2 dense particles 
(TiO2-R) were synthesized in the similar way to that of titania hollow particles in the 
absence of the latex template particle.  
 
4.2.3. Photocatalytic Decomposition of Methylene Blue 
A few grams of titania hollow spheres were dispersed into aqueous MB 
solution (4 ppm) to give a hollow TiO2 concentration of 0.6 g/L. Then, known 
amounts of H2O2 were added in order to give H2O2 concentrations of 50, 100, 150, 
and 200 mM. Under continuous stirring, the mixture was irradiated with a 150 W 
xenon lamp equipped with UV-D33S band pass filter (λ =220-440 nm) to give the 
maximum intensity at 320-400 nm (corresponds to the absorption characteristics of 
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titania hollow spheres and also to simulate the UV-A region of actual solar lights).  
For comparison, the same procedure was also done for titania dense particle (TiO2-R) 
and commercially available titania particles TiO2 (ST-01). The concentration of 
remained MB after photocatalytic decomposition process was determined by UV-Vis 
absorption spectroscopy with Jasco Ubest-50 spectrophotometer at the wavelength of 
664 nm. For control experiments, the same procedures were carried out for all 
photocatalysts in the absence of H2O2. 
 
4.3. Results and discussions 
Fig.1 shows examples of SEM and TEM images of titania hollow spheres 
prepared using the sulfonated PS latex template and TBOT-ethanol precursors by a 
sol gel method. As shown in a previous study [29], the utilization of sulfonated PS 
latex template particles resulted in the formation of smooth spherical shells and well-
defined titanium dioxide layers. 
The shell thickness of the titania hollow spheres particles was readily tuned by 
altering the concentration of TBOT-ethanol precursors [29]. When the concentration 
of TBOT-ethanol were 0.15, 0.20, 0.25, and 0.50 M, the shell thickness of the titania 
hollow spheres were approximately 9, 14, 17, and 23 nm, with the void diameters 
about 147, 151, 155, and 159 nm, respectively. Their larger surface area and lower 
density gave titania hollow spheres many advantages over dense titania particle with 
the same average diameter [31]. The X-ray diffraction pattern (data not shown) shows 
that titania hollow spheres consist mostly of anatase form after calcinations [30]. The 
concentration of 0.2 M TBOT-ethanol has lead to the formation of the highest anatase 
crystallinity. The UV absorption spectra show that the titania hollow spheres have 
red-shifted absorption compared to titania dense particles (TiO2-R). Oxygen defects 
[30, 32] which may occurs during formation of TiO2 particles, and also the doping 
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effects of C and/or S atoms [30, 33-35] which originated from the sulfonated 
polystyrene latex template seem to be responsible for the red shift of the absorption 
[30].  
 
 
 
Fig. 1. SEM (a) and TEM (b) images of titania hollow particles which bear the 
highest anatase crystallinity. The hollow particles were prepared from TBOT-
ethanol precursor at the concentration of 0.15 M. 
 
Photocatalytic activities of the titania hollow spheres have been investigated 
along with those of TiO2-R and commercially-available ST-01. Fig. 2 shows the 
results of the photocatalytic decomposition of MB. Initial time (15 min for all 
samples) in which the MB solution containing titania photocatalyst was stirred in 
dark is marked with the symbol A. Time period in which the mixture was exposed to 
UV irradiation is marked with the symbol B. It is observed from Fig. 2 that the titania 
hollow spheres prepared from 0.20 M TBOT-ethanol has lead to the highest 
photoactivity due to the fact that this sample contains the highest anatase crystallinity.  
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Fig. 2. Decomposition of MB by titania hollow spheres photocatalysts in the absence 
of H2O2 electron scavenger. The titania hollow spheres were prepared using 
TBOT-ethanol precursors with concentrations of (a) 0.15 M, (b) 0.20 M, (c) 
0.25 M, and (d) 0.50 M. Photocatalytic decomposition of MB was also carried 
out on the dense titania particles: (e) TiO2-R and (f) ST-01. 
 
It was also observed from Fig. 2 that the titania hollow particles have a better 
photoactivity in comparison to the dense titania particle (TiO2-R). As for 
commercially available ST-01 particles, it shows lower photoactivity though their 
average size (diameter: 7 nm) is much smaller than that of titania hollow spheres.  
The low photoactivity of TiO2-R and ST-01could be understood through their 
absorption characteristics, because they absorb light shorter than 370 nm, which is 
not fully available in the light source used in the experiment. The irradiation light has 
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maximal intensity at 370 nm, which is generated by 150 W xenon lamp equipped 
with the UV-D33S band pass filter to simulate UV-A region (λ =320-400 nm) in 
actual solar-light (in fact, it is also corresponds to the actual absorption characteristics 
of titania hollow spheres). All of these results are in good agreement with those of our 
previous study [30]. 
The effect of hydrogen peroxide (H2O2) as an electron scavenger in the 
photocatalytic decomposition of MB has been investigated [Fig. 3]. The marks A and 
B in Fig. 3 have the same meanings as those in Fig. 2. By comparing Fig. 3 with Fig. 
2, it is clear that there was significant increase in the photocatalytic decomposition 
rate for all samples. Fig. 3 also shows that titania hollow particles corresponding to 
0.20 M TBOT-ethanol have the highest photoactivity. The enhancement of 
photocatalytic decomposition rate by the addition of H2O2 seems to be due to the 
increase in the hydroxyl radical (●OH) concentration as shown by Eqs. 4 and 5. 
TiO2 (e-) + H2O2    TiO2 (h+) + ●OH + OH-   (4) 
H2O2 + eCB-   ●OH + OH-     (5) 
H2O2 may also react with superoxide anion to form ●OH radical (Eq. 6). 
H2O2 + O2●-   ●OH + OH- + O2    (6) 
In some cases, H2O2 may split photolytically to produce ●OH directly (Eq. 7). 
H2O2 + hv   2●OH      (7) 
However, the UV light source used in this experiment has its maximal intensity 
around 370 nm, the possibility of H2O2 splitting (Eq. 7) seems to be small [27]. 
Therefore, the main reason for the photocatalytic enhancement in this experiment is 
due to electron scavenging effects by H2O2.  
 65 
 
 
Fig. 3. Decomposition of MB by titania hollow spheres photocatalysts in the presence 
of 50 mM H2O2 as an electron scavenger. The sample marks (a-f) for titania 
photocatalysts are the same as those in Figs. 2. 
 
For quantitative analysis of the photocatalytic decomposition of MB, we 
employed a first order kinetic model: 
/ obsdC dt k C− =         (8) 
where C is the concentration of MB, t the irradiation time, and kobs the observed rate 
constant for the photocatalytic decomposition. From this equation, we can obtain: 
0ln lnobsC k t C= − +         (9) 
obs adsk kK OH
•⎡ ⎤= ⎣ ⎦           (10) 
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where [●OH] denotes the total concentration of ●OH, including that generated from 
H2O2. Fig. 4 shows the plot of MB concentration remained in the solution against 
irradiation time. The linearity between ln C and t is fairly good, indicating that the 
present reaction is conformed to pseudo first-order kinetics. The calculated rate 
constant for each sample were given in Table. 1. It is shown that the highest 
photocatalytic activity was obtained for the sample (b) both in the absence and in the 
presence of H2O2. From the results, it may be concluded that the photocatalytic 
activity of titania hollow spheres is strongly depend on the content of anatase 
crystallinity and the presence of the electron scavenger. 
 
Table 1. The rate constants (kobs) observed for photodecomposition of MB.  
  
Photocatalyst sample 
kobs / 10-2 ppm min-1 
H2O2 
0 mM 
H2O2 
50 mM 
(a) Hollow TiO2 (0.15 M TBOT) 1.5 2.9 
(b) Hollow TiO2 (0.20 M TBOT) 1.8 4.1 
(c) Hollow TiO2 (0.25 M TBOT) 1.3 2.6 
(d) Hollow TiO2 (0.50 M TBOT) 1.6 3.4 
(e) TiO2-R 1.1 2.1 
(f) ST-01 0.9 1.6 
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Fig. 4. Concentration of MB remained in the solution plotted against UV irradiation 
time in the absence (left) and in the presence (right) of H2O2 electron 
scavenger. The sample marks (a-f) for titania photocatalysts are the same as 
those in Figs. 2 and 3. 
 
The effect of H2O2 concentration (0-200 mM) on enhancing the photocatalytic 
decomposition of MB has also been investigated. The results are shown in Fig. 5. The 
addition of 150 mM H2O2 was found to be the optimum concentration. Further 
addition of of H2O2 has slightly declined the degradation rate of MB. At this high 
dosage of H2O2, the photocatalytic decomposition might be inhibited by the reaction 
of excess H2O2 with ●OH and hVB+ (Eqs. 11-13). 
H2O2 + ●OH   H2O + HO2●     (11) 
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HO2● + ●OH   H2O + O2     (12) 
H2O2 + 2 hVB+   O2 + 2H+     (13) 
The H2O2 alone has caused MB decomposition up to 16.5% within 90 min 
irradiation time. This may be due to the partial splitting of H2O2 (Eq. 7) which results 
in a few amounts of ●OH within the MB solution during UV irradiation. 
 
 
Fig.5. The H2O2 concentration effect on the photoactivity of titania hollow spheres. 
The titania hollow spheres employed were prepared using TBOT-ethanol 
concentration of 0.20 M. The amount of titania hollow spheres were keep constant 
throughout the samples (b-f). The concentrations of H2O2 are: (b) 0, (c) 50, (d) 100, 
(e) 150, and (f) 200 mM, respectively. The sample (a) contains only H2O2 at the 
concentration of 50 mM. 
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4.4. Conclusions 
Submicrometer-sized titania hollow spheres have been synthesized by 
employing sulfonated polystyrene latex particles as a template in conjunction with the 
sol-gel method. The photocatalytic activity of the titania hollow spheres was 
examined on photocatalytic decomposition of MB by focusing on its optimization by 
H2O2 as an electron scavenger. The results show that the existence of H2O2 as an 
electron scavenger significantly enhances the photocatalytic activity of titania hollow 
spheres up to the optimal H2O2 concentration of 150 mM when the TiO2 
concentration is 0.6 g/L. This enhancement can be ascribed to ●OH which was 
generated during the electron scavenging process by H2O2. It should be taken into 
consideration that the photocatalytic activities of titania hollow spheres might be 
inhibited at higher dosage of H2O2 than 150 mM. 
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Chapter 5 
 
Degradation of Methylene Blue in Aqueous 
Dispersion of Hollow Titania Photocatalyst: 
Optimization of Reaction by Peroxydisulfate Electron 
Scavenger 
 
The submicrometer-sized titania hollow spheres have been synthesized by 
employing sulfonated polystyrene latex particles as a template in sol-gel method. 
Photocatalytic activity of the hollow spheres was investigated by focusing on the 
effect of electron scavengers in the photocatalytic decomposition of methylene blue 
(MB). Photocatalytic activities of titania hollow spheres were significantly enhanced 
by the addition of peroxydisulfate as an electron scavenger. The rate constant for 
photodecomposition of MB was increased more than two times by the addition of 
peroxydisulfate. The significant increase in the photodecomposition rate seems to be 
related to electrons scavenging as well as production of additional oxidizing species. 
It was found that the optimum concentration of peroxydisulfate was 10 mM. Further 
increase in the concentration of peroxydisulfate is not recommended due to the 
saturation of reaction rate by the excess amount of SO42- species. 
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5.1. Introduction 
Photocatalytic process, which utilizes TiO2 semiconductor photocatalyst, has 
received increasing attention because of its low cost, relatively high chemical stability 
of the catalyst, and the possibility of using sunlight as a source of irradiation [1-21]. 
The process is initiated by UV irradiation of the semiconductor to excite an electron 
from the valence band (VB) to the conduction band (CB) resulting in formation of a 
high energy electron-hole pair. The highly oxidative valence band hole (E0 = 2.8 V) 
may directly react with the surface-sorbed organic molecule (R) to form R+ or 
indirectly via the formation of ●OH radicals [1, 22]. The reaction of the 
photogenerated holes with hydroxyl ions and water molecules adsorbed on the 
surface of TiO2 yields hydroxyl radicals [23, 24]. The resulting hydroxyl radicals, 
being very strong oxidizing agents, can oxidize most of organic compounds [25].  
In photocatalytic reaction of TiO2, the major energy-wasting step is the 
electron-hole recombination [26]. Hence the prevention of electron-hole 
recombination is very important in the photocatalytic reaction. This can be achieved 
by adding proper electron donor (or acceptor) to the system [27]. Inorganic oxidants 
such as IO4−, S2O82−, BrO3−, ClO3−, H2O2 can be used as additives to increase the 
photodegradation rates of organic substrates. The addition of these electron acceptors 
(i.e. electron scavengers) enhances the degradation rate by several ways such as: (i) 
preventing the electron-hole recombination by accepting the conduction band electron, 
(ii) increasing the hydroxyl radical concentration, and (iii) generating other oxidizing 
species (e.g., SO4●-) to accelerate the rate of intermediate compound oxidation [26, 28, 
29]. It is known that the electron scavengers should fulfill a criterion that they 
dissociate into harmless by-products and lead to formation of ●OH or other oxidizing 
agents. Peroxydisulfate (S2O82-) seems to fit these conditions [30]. Furthermore, 
peroxydisulfate is known to be more efficient than hydrogen peroxide (H2O2) in the 
treatment of waste water [31, 32]. 
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In previous studies [33, 34], we reported the synthesis of submicrometer-sized 
titania hollow spheres with tunable shell thickness and void volume, and their 
photocatalytic activity by employing methylene blue (MB) as a model target 
molecule, which is widely used as a standard target compound in a test of 
photocatalysts. In the present study, we studied optimization of the photocatalytic 
activity by utilizing peroxydisulfate as an electron scavenger. The effects of 
peroxydisulfate on photocatalytic decomposition of MB were studied as a function of 
preparation method of titania hollow spheres and the concentration of peroxydisulfate.  
Although a lot of reports have been published on the photocatalytic activities 
of dense titania, there still were rare reports on hollow particles and a few reports on 
hollow-like particles [35-37]. Shchukin et al. carried out similar experiments for 
titania particles filled with polymer gel inside the particles [35]. Titania particle 
coated on hollow glass microbeads were examined in the photoassisted oxidation of 
ethanol to acetaldehyde [36, 37]. However, these hollow-like titania particles seem to 
be different from real titania hollow spheres because polymer gels or glass beads 
inside the titania particles could affect the properties of the particles. In this sense, 
this and previous study [34] are the first reports which report photocatalytic activities 
of titania hollow particles. 
 
5.2. Experimental Section 
5.2.1. Chemicals 
Styrene (99.0%, Sigma Aldrich), sodium p-styrenesulfonate (NaSS, Sigma 
Aldrich), potassium persulfate (KPS, 98.0%, Sigma Aldrich), titanium tetrabutoxide 
(TBOT, 97.0%, Sigma Aldrich), ethanol (99.5%, Wako), methyelene blue (MB, 
Sigma Aldrich, reagent grade), and commercially available TiO2 (Ishihara Sangyo, 
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ST-01, diameter 7 nm) were used as received. Water was first distilled, and then 
purified with Mili Q ultra-filtration system. 
 
5.2.2. Synthesis and Characterization of Titania Hollow Spheres 
Synthesis of titania hollow particles was described in detail in the previous 
study [33]. For comparison, the TiO2 dense particles (TiO2-R) were synthesized in the 
similar way to that of titania hollow particles in the absence of latex template particle. 
The structures of titania particles were characterized by transmission electron 
microscopy (TEM). TEM images were obtained with a Hitachi H-800MU 
microscope, using an accelerating voltage of 200 kV. X-ray powder diffraction 
(XRD) measurement was made on Shimadzu XRD-6100 instrument with CuKα 
radiation. UV-Vis absorption spectra were recorded on Jasco Ubest-50 
spectrophotometer equipped with an integrating sphere.  
 
5.2.3. Photocatalytic Decomposition of Methylene Blue 
1.5 mg of titania hollow spheres was dispersed into a 2.5 ml of an aqueous 
MB solution (4 ppm).  Then, known amount of KPS was added in order to give 
peroxydisulfate concentrations of 5, 10, 15, and 20 mM. The solution was irradiated 
with a 150 W xenon lamp equipped with UV-D33S band pass filter (λ =220-440 nm) 
under continuous stirring.  For comparison, the same procedure was also done for 
titania dense particle (TiO2-R) and commercially available titania particles TiO2 (ST-
01). Control experiments were carried out for all photocatalysts in the absence of 
peroxydisulfate. The concentration of the residual target molecule (MB) was 
determined from the absorbance at 664 nm. 
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5.3. Results and Discussion 
Fig. 1 shows examples of TEM images of titania hollow spheres which were 
fabricated by utilizing sulfonated PS latex in a sol-gel method. The utilization of 
sulfonated PS latex particles has resulted in the formation of uniform spherical shells 
with relatively smooth surface and dense arrangement of titanium dioxide nano-layers 
[33].  
 
 
Fig. 1. TEM images of titania hollow particles. TBOT concentration: 0.15 M (a) and 
0.25 M (b). 
 
It was observed that the shell thickness of the titania hollow spheres are 
controllable by altering the concentration of titanium tetrabutoxide (TBOT) [33]. The 
shell thickness were approximately 9, 14, 17, and 23 nm according to the TBOT 
concentrations of 0.15, 0.20, 0.25, and 0.50 M, respectively. The void sizes were 
approximately 147, 151, 155, and 159 nm corresponding to the TBOT concentrations 
of 0.15, 0.20, 0.25, and 0.50 M, respectively. The X-ray diffraction pattern revealed 
that the crystallinity of the titania hollow spheres was mostly anatase after 
calcinations [33, 34]. It was observed that titania hollow spheres prepared from 0.2 M 
TBOT resulted in the formation of the highest anatase crystallinity. Titania hollow 
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spheres are known to have such advantages that they have lower density and larger 
surface area in comparison with dense titania particle with the same average of 
diameter [38]. The UV absorption spectra of the titania hollow spheres show red shift 
in comparison to those of titania dense particles (TiO2-R) [40]. This red shift is 
possibly due to oxygen defects which may be caused during formation of TiO2 
particles [34, 39]. Another reason for the red shift may be the doping of C and/or S 
atoms into TiO2 particles [34, 40-42], because polystyrene latex contains these atoms. 
Irrespective of which is the real reason, it is an advantage of the hollow spheres that 
they have absorption at longer wavelength. 
Photocatalytic activities of the titania hollow spheres have been investigated 
together with those of TiO2-R and commercially-available ST-01. Fig. 2 depicts the 
results on the photocatalytic decomposition of MB. The period A in Fig. 2 is the 
initial time (30 min for all the samples) during which the mixture of titania and MB in 
water was stirred in the dark. The period B denotes the time for the mixture to be 
exposed to UV irradiation. Fig. 2 shows that the titania hollow spheres prepared from 
0.2 M TBOT have the highest photoactivity. This seems to be reasonable because this 
sample contains the highest anatase crystallinity. Fig. 2 also shows that the titania 
hollow particles have a better photoactivity in comparison to the dense titania particle 
(TiO2-R). The hollow particles show a higher photoactivity compared to the 
commercially available ST-01 particles, though the average size of the hollow 
spheres is much larger than that of ST-01 (diameter: 7 nm). The lower photoactivities 
of TiO2-R and ST-01 seem to be attributed to their absorption characteristics. They 
have main absorption in the region shorter than 370 nm, which is incompatible to the 
light source used in the experiment. The light source used in our experiments is a 
150W xenon lamp equipped with UV-D33S bandpass filter (λ=220-440 nm). The 
irradiation light thus obtained has maximum intensity around 370 nm. All of these 
results are in good agreement with our previous study [34]. 
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Fig. 2. Photocatalytic decomposition of MB on titania hollow spheres in the absence 
of electron scavenger. The hollow spheres were prepared using TBOT 
concentration of (a) 0.15 M, (b) 0.20 M, (c) 0.25 M, and (d) 0.50 M. 
Photocatalytic decomposition of MB was also carried out on the dense titania 
particles: (e) TiO2-R and (f) ST-01. 
 
The effect of an electron scavenger on the photocatalytic decomposition of 
MB has been investigated. Fig. 3 depicts the effect of peroxydisulfate as an electron 
scavenger, which has been widely used [30-32]. The period A in Fig. 3 is the initial 
time as in Fig. 2. The period B denotes the time for the mixture to be exposed to UV 
irradiation. If we compare Fig. 3 with Fig. 2, we realize that the addition of 
peroxydisulfate increases the rate of photocatalytic decomposition of MB in all of the 
samples. To show it quantitatively, we introduce P15 value, which is defined as the 
percentage of decomposed MB after 15 min. The values of P15 are listed in Table 1 
for every sample. Titania hollow particles corresponding to 0.20 M TBOT showed 
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the highest photoactivity. The reaction mechanism in the presence of peroxydisulfate 
seems to be expressed by Eqs. 1-3.  
S2O82- + eCB-   SO4●- + SO42-       (1) 
SO4●- + eCB-  SO42-       (2) 
SO4●- + H2O  ●OH + SO42- + H+     (3) 
The sulfate radical anion (SO4●-) is a very strong oxidant (E0 = 2.6 eV). This radical 
anion also participates in the photo decomposition process in the following way: 
SO4●- + MB           SO42- + Dye intermediate           Decomposition products   (4) 
 
Table 1. Percentage of decomposed MB after 15 min photolysis (P15) and observed 
rate constants (kobs). 
 
 P15 (%)  kobs /10-2 ppm min-1 
Photocatalyst sample K2S2O8 K2S2O8  K2S2O8 K2S2O8 
 0 mM 5 mM  0 mM 5 mM 
(a) Hollow TiO2 (0.15 M TBOT) 15.00 51.23  1.76 4.34 
(b) Hollow TiO2 (0.20 M TBOT) 26.00 66.40  2.69 6.49 
(c) Hollow TiO2 (0.25 M TBOT) 17.10 57.00  1.40 2.80 
(d) Hollow TiO2 (0.50 M TBOT) 15.90 54.90  2.17 4.77 
(e) TiO2-R 18.00 54.00  0.99 2.23 
(f) ST-01 8.50 39.00  0.78 1.88 
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Fig. 3. Photocatalytic decomposition of MB on titania hollow spheres in the presence 
of 5 mM peroxydisulfate as an electron scavenger. The hollow spheres were 
prepared using TBOT concentration of (a) 0.15 M, (b) 0.20 M, (c) 0.25 M, 
and (d) 0.50 M. Photocatalytic decomposition of MB was also carried out on 
(e) TiO2-R and (f) ST-01. 
 
For detailed analysis of the decomposition reaction of MB, we employed a 
pseudo first-order kinetic model: 
/ obsdC dt k C− =         (5) 
where C is the concentration of MB, t the irradiation time, and kobs the observed rate 
constant for the photodecomposition reaction. From this equation, we obtain: 
0ln lnobsC k t C= − +         (6) 
in which, 
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obs adsk kK OH
•⎡ ⎤= ⎣ ⎦           (7) 
for photodecomposition of MB in the absence of peroxydisulfate electron scavenger, 
and 
4'obs adsk k K OH SO
• •−⎡ ⎤ ⎡ ⎤= ⎣ ⎦ ⎣ ⎦         (8) 
for photodecomposition of MB in the presence of peroxydisulfate electron scavenger. 
Kads represents the adsorption coefficient of MB onto titania photocatalyst and C0 is 
the initial concentration of MB. The relative concentration of MB remained in the 
solution is plotted against irradiation time in Fig. 4.  
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Fig. 4. Plots of the concentration of MB remained in the solution against irradiation 
time of Xe-lamp in the absence (left) and in the presence (right) of 
peroxydisulfate electron scavenger. The sample notations (a-f) are the same as 
those in Figs. 2 and 3.   
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The linearity between ln C and t is fairly good for all samples, indicating that the 
present reaction is conformed to pseudo first-order kinetics. From the slope of the line, 
the rate constants were calculated (Table 1). The highest photoactivity for 
decomposition of MB was obtained for the sample (b) both in the absence and in the 
presence of peroxydisulfate. From the results, we may conclude that there is a strong 
correlation between the photocatalytic activity and content of anatase crystalinity in 
the titania hollow spheres.  
The effect of peroxydisulfate concentration has also been investigated by 
varying the amount of peroxydisulfate from 0 to 20 mM (Fig. 5). The titania hollow 
sample was the same as (b) in Figs. 2 and 3. Addition of peroxydisulfate up to 5 mM 
increases the P15 value from 26.0 to 66.4%. A further increase in the concentrations 
of peroxydisulfate at 10, 15, and 20 mM progressively and respectively increases the 
P15 value by 17.0, 5.6, and 1.5%. At higher dosage of peroxydisulfate than 10 mM, 
the saturation of reaction rate may occur due to the increase in concentration of SO42- 
ion (Eq. 1). The excess amount of SO42- ion is adsorbed on the TiO2 surface and 
reduces the photocatalytic activity. The adsorbed SO42- ion may also reacts with the 
photogenerated holes (Eq. 9) and with the hydroxyl radicals (Eq. 10). 
SO42- + hVB+  SO4●-       (9) 
SO42- + ●OH  SO4●- + OH-      (10) 
Since SO4●- is less reactive than ●OH radical and hVB+, the excess SO42- may reduces 
the photodecomposition of MB.  
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Fig. 5. Effect of the concentration of peroxydisulfate on photocatalytic decomposition 
of MB by titania hollow spheres. The titania hollow spheres were prepared 
using TBOT concentration of 0.20 M. The content of titania hollow spheres is 
constant (0.6 g/L) throughout the samples (b)-(f). The concentrations of 
peroxydisulfate are: (b) 0, (c) 5, (d) 10, (e) 15, and (f) 20 mM, respectively. In 
the sample (a), the concentration of peroxydisulfate is 5 mM in the absence of 
titania hollow spheres. 
 
Without the photocatalyst, the peroxydisulfate alone caused 9.6% 
decomposition after 15 min and 16.0% after 180 min irradiation. This may be due to 
the excitation of MB molecule from S0 to S1 state by photon absorption followed by 
ionization (Eqs. 11 and 12). The ionized MB may be degraded by sulfate radical 
anion as shown in Eqs. 13 and 14. 
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MB   hv MB*        (11) 
MB*  MB+ + e-       (12) 
e- + S2O82-  SO4.- + SO42-      (13) 
SO4●- + MB+           SO42- + Dye intermediate           Decomposition products     (14) 
  
From the results, we deduce that addition of 10 mM peroxydisulfate seems to 
be the optimum value. Further increase in the addition of peroxydisulfate only gives a 
slight increase in photocatalytic activity due to the saturation of reaction rate by the 
excess SO42- as stated before. Although the use of peroxydisulfate may lead to an 
increase in salt in the residual waters, this does not seem to be a serious drawback, 
because there are no legal restrictions on sodium/potassium sulfate in waste water 
[32]. 
 
5.4. Conclusions 
Submicrometer-sized titania hollow spheres with tunable shell thickness and 
void volume have been synthesized by employing sulfonated-polystyrene latex 
particles as a template in conjunction with the sol-gel method. Photocatalytic 
decomposition of MB was carried out in aqueous medium to evaluate the 
photocatalytic activity of the titania hollow spheres, especially by focusing on the 
effect of electron scavenger. The results demonstrate that peroxydisulfate 
significantly enhances the photocatalytic activities. The effect of peroxydisulfate 
seems to be related to scavenging of electrons as well as production of additional 
oxidizing species. It turned out that the optimum concentration of peroxydisulfate is 
10 mM. Further increase in the addition of peroxydisulfate only gave a slight increase 
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in photocatalytic activity due to the saturation of reaction rate by the excess amount 
of SO42- species. 
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Chapter 6 
 
Degradation of Methylene Blue in Aqueous 
Dispersion of Hollow Titania Photocatalyst: Study of 
Reaction Enhancement by Various Electron 
Scavengers 
 
Submicrometer-sized titania hollow spheres have been synthesized by 
employing sulfonated-polystyrene latex particles (averaged diameter: 200 nm) as a 
template in conjunction with the sol-gel method. Utilization of 0.20 M titania 
precursor and 25 g/L latex led to the formation of anatase particles having shell 
thickness of about 15 nm and void diameter of about 150 nm. Photocatalytic activity 
of the titania hollow spheres was examined by focusing on its enhancement by 
electron scavengers in the photocatalytic decomposition of methylene blue (MB). The 
electron scavengers employed were inorganic oxidants such as ClO3-, BrO3-, IO4-, 
H2O2, and S2O82-. Differences in electronegativity, atomic radius of the halogens, and 
the number of highly reactive radical and nonradical intermediates were proven to be 
important criteria for an electron scavenger to yield high efficiency in the MB 
photodecomposition.  Based on the results, the effect of the oxidants used were found 
to be in the order of S2O82->IO4->BrO3-> H2O2>ClO3-. 
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6.1. Introduction 
Reactive dyes are widely used in textile industries because of their simple 
dyeing procedure and stability during washing process [1]. But, the main drawback of 
these kinds of reactive dyes is their low fixation rate. Therefore, textile wastewaters 
introduce intensive color and toxicity to aquatic systems. Thus, much attention has 
been paid to the techniques to remove or to degrade such reactive dyes [1]. 
In recent years, research in new non-biological methods has led to processes 
which actually destroy these pollutants instead of simply extracting them from water 
(e.g., adsorption by active carbon, air stripping, etc.). It has been shown that the use 
of TiO2, O3, H2O2, and Fenton are more efficient in the photodegradation of organic 
pollutants in comparison to that of direct photolysis [2, 3]. Among them, one of the 
common observations is that the enhancement of organic decomposition is due to the 
generation of powerful non-selective hydroxyl radical (●OH) produced in the process 
of photodegradation.  
Photocatalytic process, which utilizes TiO2 semiconductor photocatalyst, has 
received increasing attention because of its low cost, relatively high chemical stability 
of the catalyst, and the possibility of using sunlight as a source of irradiation [4-14]. 
However, it has a limitation that the quantity of ●OH radicals cannot be increased 
infinitely because overdosing of TiO2 scatters the light in the solution [15]. Therefore, 
new developments of these technologies have focused on searching for better 
oxidants to increase the generation of radicals or to optimize the photodegradation 
process. 
It was reported that the use of inorganic oxidants, such as H2O2, ClO3-, BrO3-, 
and S2O8-, in TiO2 system increased the quantum efficiencies either by inhibiting 
electron-hole pair recombination through scavenging conduction band electrons at the 
surface of TiO2 or by offering additional oxygen atom as an electron acceptor to form 
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the superoxide radical ion (O2●-) [16-18]. According to the investigation on H2O2, 
adequate dose of H2O2 led to a faster degradation of organic compounds in the TiO2 
photocatalytic system [19]. However, the degradation was suppressed if excess H2O2 
was used. This is due to the undesirable consumption of ●OH radical that was 
previously formed in the solution by H2O2, leading to generation of less-reactive 
HO2● radicals instead [2]. 
Enhancement of the TiO2-catalyzed photodegradation of organic compounds 
by several inorganic oxidants was mainly attributed to the increased electron 
scavenging from the extra oxidant sources. A mechanism of periodate (IO4-) during 
UV illumination has also been proposed, where several reactive radicals and non-
radical intermediates such as IO3●, ●OH, and IO4● assist the photodegradation process 
[3, 20]. 
In our previous studies, we reported synthesis of submicrometer-sized titania 
hollow spheres with tunable shell thickness and void volume [21] and their 
photocatalytic activity by employing methylene blue (MB) [22], which is widely used 
as a standard target compound in a test of photocatalysts. MB can also be regarded as 
a model compound of organic pollutants because it is mixed into some fertilizers as a 
dye. We also have optimized the enhanced-photocatalytic activity of titania hollow 
spheres in the photodegradation of MB by utilizing peroxydisulfate (S2O82-) as an 
electron scavenger [23]. In the present study, we have expanded our investigations to 
enhancing the photocatalytic activity of titania hollow spheres photocatalyst by 
employing various electron scavengers such as oxyhalogens (ClO3-, BrO3-, IO4-), 
H2O2, and K2S2O8. The effects of the electron scavengers on photocatalytic 
decomposition of MB by the titania hollow spheres have been elucidated in detail in 
this study.   
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6.2. Experimental Section 
6.2.1. Chemicals 
Styrene (99.0%, Sigma Aldrich) was distilled under reduced pressure after 
being washed with NaOH solutions. Sodium p-styrenesulfonate (NaSS, Sigma 
Aldrich), titanium tetrabutoxide (TBOT, 97.0%, Sigma Aldrich), ethanol (99.5%, 
Wako), MB (Sigma Aldrich, reagent grade), hydrogen peroxide (H2O2, Wako), 
potassium persulfate (KPS, 98.0%, Sigma Aldrich), potassium chlorate (KClO3, 
Wako), potassium bromate (KBrO3, Wako), potassium periodate (KIO4, Sigma 
Aldrich), and commercially available TiO2 (Ishihara Sangyo, ST-01, diameter 7 nm) 
were used as received. Water was first distilled, and then purified with Mili Q ultra-
filtration system. 
 
6.2.2. Synthesis and Characterization of Titania Hollow Spheres 
Synthesis of titania hollow particles was described in detail in the previous 
study [21]. The hollow structures of titania particles were characterized by scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). SEM 
measurements were conducted on a Hitachi S-3000N scanning electron microscope 
with an accelerating voltage of 15 kV. TEM images were obtained with a Hitachi H-
800MU microscope, using an accelerating voltage of 200 kV. X-ray powder 
diffraction (XRD) measurements were made on Shimadzu XRD-6100 instrument 
with CuKα radiation. UV-Vis absorption spectra were observed using Jasco Ubest-50 
spectrophotometer equipped with an integrating sphere. For comparison, TiO2 dense 
particles (TiO2-R) were synthesized in a similar way to that of titania hollow particles 
in the absence of latex template particle.  
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6.2.3. Photocatalytic Decomposition of Methylene Blue 
A few grams of titania hollow spheres were dispersed into aqueous MB 
solution (4 ppm) to give TiO2 concentration of 0.6 g/L. Under continuous stirring, the 
mixture was irradiated with a 150 W of Hitachi xenon lamp equipped with UV-D33S 
band pass filter ( λ =220-440 nm) to give the maximum intensity at 320-400 nm 
(corresponds to the absorption characteristics of titania hollow spheres and also to 
simulate the UV-A region of actual solar lights).  For comparison, the same procedure 
was also done for titania dense particle (TiO2-R) and commercially available titania 
particles TiO2 (ST-01). To examine the effect of an electron scavenger on the 
photocatalytic activity of titania hollow spheres, known amount (10 mM) of KClO3, 
KBrO3, KIO4, H2O2, or K2S2O8 was added before UV irradiation. The concentration 
of MB after photocatalytic decomposition was determined by the absorption at 664 
nm. 
 
6.3. Results and Discussion 
Fig.1 shows examples of SEM and TEM images of titania hollow spheres 
prepared using sulfonated PS latex template (25 g/L) and 0.20 M TBOT-ethanol 
precursor. This sample of titania hollow sphere has about 15 nm shell thickness and 
about 150 nm void diameter. As shown in a previous study [21], the utilization of 
sulfonated PS latex template particles has resulted in the formation of smooth 
spherical shells and well-defined titanium dioxide layers. Their larger surface area 
and lower density give titania hollow spheres many advantages [24], especially over 
dense titania particle with the same average diameter [25]. 
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Fig. 1. Anatase titania hollow particles which were prepared from TBOT-ethanol 
precursor:  TEM (a) and SEM (b) images. 
 
Fig. 2 shows the X-ray powder diffraction and UV absorption spectra of the 
titania hollow spheres. The X-ray diffraction pattern shows that titania hollow spheres 
consist mostly of anatase form after calcination [22]. As reported in our previous 
study, the concentrations of 0.2 M TBOT-ethanol precursor and 25 g/L template latex 
particle were proven to be the optimal concentration in preparing titania hollow 
spheres [22]. The titania hollow spheres thus obtained have a relatively high anatase 
crystallitnity. The UV absorption spectra show that the titania hollow spheres have 
red-shifted absorption compared to titania dense particles (TiO2-R). Oxygen defect 
[22, 26] which probably occurred during formation of TiO2 particles is one of the 
reasons of this phenomenon. However, the doping of C and/or S atoms [22, 27-29], 
which is originated from sulfonated polystyrene latex template, can also be taken into 
consideration as the cause of the red-shift phenomenon. Regardless which is the real 
reason for the red-shift, it is an advantage of the hollow spheres from a view point of 
effective use of solar energy that they have absorption at longer wavelength. 
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Fig. 2. X-ray powder diffraction pattern of titania hollow spheres (peak assignment: A, 
anatase; R, rutile) (left). UV-Vis integrating spheres spectra of (a) calcined 
titania hollow spheres, (b) dense titania particle (TiO2-R), and (c) commercially 
available titania (ST-01) (right). 
 
The photocatalytic activities of titania hollow spheres were examined using 
methylene blue (MB) as a target compound (Fig. 3). TiO2-R and commercially-
available ST-01 were also examined for comparison. The mark A in Fig. 3 represents 
the initial time (15 min) in which the solution of the mixture of MB and titania 
photocatalyst was stirred in the dark. The mark B represents the time period in which 
the solution of the mixture was exposed to UV irradiation. Fig. 3 shows that the 
titania hollow particles have a better photocatalytic activity in comparison to the 
dense titania particle (TiO2-R). The commercially available ST-01 particles also show 
lower photoactivity, though their average size (diameter: 7 nm) is much smaller than 
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that of titania hollow spheres (outer diameter: 180 nm). As we have stated in our 
previous studies [22, 23], the use of a 150 W Hitachi xenon lamp equipped with UV-
D33S band pass filter (λ =220-440 nm) to generates maximum intensity at 320-400 
nm in order to simulate the actual UV-A region in solar-light (in fact, it is also 
corresponds to the actual absorption characteristics of titania hollow spheres), has led 
to the higher photoactivity of titania hollow spheres compared to that of TiO2-R and 
ST-01. This fact is a prove that the titania hollow spheres have a better 
responsiveness at longer wavelengths. 
 
 
Fig. 3. Decomposition of MB by titania hollow sphere photocatalysts (a). 
Photocatalytic decomposition of MB was also carried out on the dense titania 
particles: (b) TiO2-R and (c) ST-01. 
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The effect of oxidants as an electron scavenger in the photocatalytic activity of 
titania hollow spheres has been examined (Fig. 4).  The symbols A and B in Fig. 4 
have the same meaning as in Fig. 3. These oxidants seem to increase the 
photocatalytic activity of titania hollow spheres by capturing the electrons ejected 
from TiO2; The electron scavenging will suppress the probability of recombination of 
eCB- and hVB+, resulting in the elongation of the survival time of hVB+ and generation 
of reactive intermediates used for the reaction with the target substrates.  
 
 
Fig. 4. Decomposition of MB by titania hollow sphere photocatalysts in the presence 
of various electron scavengers: (b) 10 mM KClO3, (c) 10 mM KBrO3, (d) 10 
mM KIO4, (e) 10 mM H2O2, and (f) 10 mM K2S2O8. The plot (a) represents the 
decomposition of MB by titania hollow spheres in the absence of the electron 
scavengers.   
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A group of oxidants utilized in this study is oxyhalogens, which have more 
than two oxygen atoms and one halogen atom (Cl, Br, or I), at the center of the 
molecule. The high polarizability in these oxidants makes their central atom 
electropositive, so that they can capture the electrons ejected from TiO2. The results 
in Fig. 4 show that the most effective oxyhalogen is IO4-, which results in the MB 
degradation up to 62% within the first 15 minutes and leads to 92% after 90 minutes. 
The higher reactivity of TiO2/IO4- is due to the production of highly reactive 
intermediate radicals such as IO3●, ●OH, and IO4● [3] as shown by Eqs. 1-3. These 
radicals also assisted the degradation by free radical pathways. 
IO4- + hv   IO3● + O●-     (1) 
O●- + H+   ●OH      (2) 
●OH + IO4-   OH- + IO4●     (3) 
The second and third effective oxyhalogens are BrO3- and ClO3-, which give 
81% and 72% degradation after 90 minutes, respectively. Similar to the case of 
TiO2/ClO3-, the enhancement of removal rate in the TiO2/BrO3- system is due to the 
reaction between BrO3- and eCB-. This reaction reduces the recombination of electron-
hole pair (Eq. 4). 
BrO3- + 6eCB- + 6H+  Br- + 3H2O     (4) 
 From the results, we conclude that the effectiveness of oxyhalogens as 
electron scavengers in TiO2 system depends on the electronegativity and atomic 
radius of the halogens. Electronegativity of the halogens are in the order of Cl > Br > 
I in which the oxidation efficiency was in the reverse order. A less electronegative 
halogen gives a stronger electron scavenger when it forms oxyhalogen. On the other 
hand, the atomic radius of the halogen in the oxyhalogens also plays an important 
role. Though ClO3- and BrO3- have the same number of oxygen atoms in the molecule, 
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the smaller atomic radius of Cl makes it more sterically hindered by oxygens than Br 
for ecb- to approach. This is the reason why ClO3- has a lower ability to trap electrons 
on TiO2 catalyst surface.  Additionally, the oxidation rate may also depend on the 
number of reactive radical and nonradical intermediates. In the case of IO4-, it will 
leads to the formation of several highly reactive species such as IO3●, ●OH, and IO4● 
[3]. These reactive species would contribute to the degradation of MB with higher 
reaction rate.  
Another kinds of oxidants used in this experiment are H2O2 and K2S2O8. 
These oxidants improved the system efficiency mainly by the formation of hydroxyl 
radicals through electron scavenging mechanisms. H2O2 has two hydrogen atoms 
bonded to oxygen atoms (H-O-O-H), so that it is more electropositive than O2 (a 
common oxidant), implying that H2O2 is a stronger electron scavenger than O2.  As 
seen in Fig. 4, TiO2/H2O2 system gave an oxidation yield of around 76% in 90 min. 
The enhancement of photocatalytic decomposition rate by the addition of H2O2 seems 
to be due to the increase in the hydroxyl radical (●OH) concentration as shown by Eq. 
5. 
H2O2 + eCB-   ●OH + OH-     (5) 
One can also ascribe the efficiency of H2O2 to the formation of hydroxyl radicals by 
homolytic cleavage of bonds into two hydroxyl groups [3] (Eq. 6). 
H2O2 + hv   ●OH + ●OH     (6) 
S2O82- gives the highest photocatalytic activity to the hollow TiO2 in the 
decomposition of MB (Fig. 4). The TiO2/S2O82- system resulted in the MB 
degradation up to 78% within the first 15 minutes and complete degradation after 90 
minutes. The reaction mechanism in the presence of peroxydisulfate seems to be 
expressed by Eq. 7.  
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S2O82- + eCB-    SO4●- + SO42-      (7) 
The SO4●- can participate in the MB degradation by direct reaction with the target 
molecules. This radical may also react with photogenerated electron and with water 
molecule to produce hydroxyl radicals (Eqs. 8 and 9). 
SO4●- + eCB-   SO42-      (8) 
SO4●- + H2O   ●OH + SO42- + H+    (9) 
Based on the results, the effect of all oxidants used in TiO2 system on 
enhancing photodecomposition of MB was found to be in the order of S2O82->IO4-
>BrO3-> H2O2>ClO3-. 
Quantitative analysis of enhanced photocatalytic decomposition of MB was 
examined by employing a pseudo first order kinetic model: 
/ obsdC dt k C− =         (10) 
in which, 
obs adsk kK OH
•⎡ ⎤= ⎣ ⎦           (11)  
where C is the concentration of MB; t, irradiation time; Kads, adsorption constant of 
MB onto TiO2; k, actual rate constant; kobs, observed rate constant for the 
photocatalytic decomposition. [●OH] denotes the total concentration of ●OH, 
including that generated from electron scavenging mechanisms. From Eq. 10, we can 
get: 
0ln lnobsC k t C= − +         (12) 
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Plot of the concentration of MB remained in the solution against irradiation time is 
shown in Fig 5. The linearity of the plots indicates that the reaction is conformed to 
pseudo first order kinetics. The calculated observed rate constants are given in Table. 
1. From the kobs data, we can also confirm that efficiency of the electron scavengers 
were in the order of S2O82->IO4->BrO3-> H2O2>ClO3-. 
 
 
Fig. 5. Plots of the concentration of MB remained in the solution against UV 
irradiation time. The sample marks (a-f) are the same as those in Fig. 4. 
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Table 1. The rate constants (kobs) observed for photodecomposition of MB.  
Photocatalyst sample kobs / ppm min-1 
(a) Hollow TiO2  0.0183 
(b) Hollow TiO2 + 10 mM KClO3 0.0198 
(c) Hollow TiO2 + 10 mM KBrO3 0.0287 
(d) Hollow TiO2 + 10 mM KIO4 0.0417 
(e) Hollow TiO2 + 10 mM H2O2 0.0217 
(f) Hollow TiO2 + 10 mM K2S2O8 0.0718 
 
 
In order to clarify if the oxidants have a photocatalytic activity by themselves, 
experiments with ClO3-, BrO3-, IO4-, H2O2, and S2O82- were carried out in the absence 
of TiO2.  The results are shown in Fig. 6. The amount of degraded MB ranges 
between 11 to 14% after 90 minutes UV irradiation. This fact shows that the oxidants 
have an ability to decompose MB to some extent. However, it is much smaller 
compared to that of the TiO2/oxidant system.  The degradation of MB seems to 
proceed via free radical pathways.  
Although the use of halogens and peroxydisulfate may lead to an increase in 
salt in the residual waters, this does not seem to be a serious drawback, because there 
are no legal restrictions on sodium/potassium sulfate nor halogen salts in waste water 
[30]. 
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Fig. 6. Decomposition of MB by various electron scavengers in the absence of titania 
photocatalyst: (a) 10 mM KClO3, (b) 10 mM KBrO3, (c) 10 mM KIO4, (d) 10 
mM H2O2, and (e) 10 mM K2S2O8.   
 
6.4. Conclusions 
Submicrometer-sized titania hollow spheres have been synthesized by 
employing sulfonated-polystyrene latex particles as a template in conjunction with 
the sol-gel method. The use of 0.20 M TBOT-ethanol precursor has lead to the 
formation of rigid and smooth shell of titania hollow spheres with the shell thickness 
of about 15 nm and the void diameter of about 150 nm. The X-ray data shows that the 
resulted titania hollow spheres contains mostly of anatase form. The UV absorption 
spectra revealed that the titania hollow spheres has absorption spectrum in a longer 
wavelength in comparison to that of TiO2-R and ST-01. The photocatalytic activity of 
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the titania hollow spheres were examined on photocatalytic decomposition of MB by 
focusing on its enhancement by utilizing several oxidants as electron scavengers. 
From the results, we can conclude that the effectiveness of oxyhalogens as electron 
scavengers in TiO2 system depends on the electronegativity and atomic radius of the 
halogens. Additionally, the degradation rate also depends on the number of highly 
reactive radical and nonradical intermediates which are involved in the 
photodecomposition of MB. The effectiveness of the oxidants on enhancing 
photodecomposition of MB is found to be in the order of S2O82->IO4->BrO3-> 
H2O2>ClO3-.  
 
6.5. Acknowledgments 
We express our thanks to Profesor Mitsunori Yada and Miss Yuko Inoue in 
the Faculty of Science and Engineering, Saga University for their help in SEM, TEM, 
and XRD measurements. The present study was partly supported by Grants-in-Aid 
for Scientific Research (17510088) from Japan Society for the Promotion of Science 
(JSPS). 
 
6.6. Refferences 
[1] M. Muruganandham, M. Swaminathan, Dyes Pigments 68 (2006) 133. 
[2] W.K. Choy, W. Chu, Chemosphere 66 (2007) 2106. 
[3] S. Irmak, E. Kusvuran, O. Erbatur, Appl. Catal. B: Environ. 54 (2004) 85. 
[4] M.R. Hoffman, S.T. Martin, W. Choi, D.W. Bahnemann, Chem. Rev. 95 (1995) 
69. 
[5] A. Hagfeldt, M. Gratzel, Chem. Rev. 95 (1995) 49. 
 104 
 
[6] P.S. Awati, S.V. Awate, P.P. Shah, V. Ramaswamy, Catal. Commun. 4 (2003) 
393. 
[7] A. Fujishima, T.N. Rao, D.A. Tryk, J. Photochem. Photobiol. C: Photochem. 
Rev. 1 (2000) 1. 
[8] Z. Ding, G.Q. Lu, P.F. Greenfield, J. Colloid Interface Sci. 232 (2000) 1. 
[9] Z. Ding, H.Y. Zhu, G.Q. Lu, P.F. Greenfield, J. Colloid Interface Sci. 209 
(1999) 193. 
[10] V. Balek, D. Li, J. Šubrt, E. Veˇcernikova, S. Hishita, T. Mitsuhashi, H. Haneda, 
J. Phys. Chem. Solids (2007), doi:10.1016/j.jpcs.2007.01.028. 
[11] P.V. Kamat, Chem. Rev. 93 (1993) 267. 
[12] A. Sata, M. Hirose, J. Kurawaki, Y. Kusumoto, K. Hayakawa, Res. J. Chem. 
Environ. 10 (2006) 7. 
[13] Y.S.Han, G. Hadiko, Y. Tarutani, M. Fuji, M. Takahashi, Annual Report of the 
Ceramics Research Laboratory, Nagoya Institute of Technology 4 (2004) 1-14. 
[14] H. Yamashita, M. Harada, J. Misaka, M. Takeuchi, B. Neppolian, M. Anpo, 
Catal. Today 84 (2003) 191. 
[15] I. Bouzaida, C. Ferronato, J.M. Chovelon, M.E. Rammah, J.M. Herrmann, J. 
Photochem. Photobiol. A: Chem. 168 (2004) 23. 
[16] N. Watanabe, S. Horikoshi, H. Kawabe, Y. Sugie, J. Zhao, H. Hidaka, 
Chemosphere 52 (2003) 851.  
[17] S. Malato, J. Blanco, C. Richter, B. Braun, M.I. Maldonado, Appl. Catal. B: 
Environ. 17 (1998) 347. 
[18] S.T. Martin, A.T. Lee, M.R. Hoffmann, Environ. Sci. Technol. 29 (1995) 2567. 
[19] C.C. Wong, W. Chu, Environ. Sci. Technology 37 (2003) 2310. 
[20] N. San, A. Hatipo˘glu, G. Koçtürk, Z. Çýnar, J. Photochem. Photobiol. A: 
Chem. 146 (2002) 189. 
[21] A. Syoufian, Y. Inoue, M. Yada, K. Nakashima, Mater. Lett. 61 (2007), 1572. 
[22] A. Syoufian, O.H. Satriya, K. Nakashima, Catal. Commun. 8 (2007) 755. 
 105 
 
[23] A. Syoufian, K. Nakashima, J. Colloid Interface Sci. (2007) in press, doi: 
10.1016/j.jcis.2007.04.027 
[24] G.C. Li, Z.K. Zhang, Mater. Lett. 58 (2004) 2768. 
[25] C.J. McDonald, M.J. Devon, Adv. Colloid Interface Sci. 99 (2002) 181. 
[26] I.N. Martyanov, S. Uma, S. Rodrigues, K.J. Klabunde, Chem. Commun. (2004) 
2476. 
[27] T. Ohno, M. Akiyoshi, T. Umebayashi, K. Asai, T. Mitsui, M. Matsumura, 
Appl. Catal. A: General 265 (2004) 115. 
[28] T. Umebayashi, T. Yamaki, H. Ito, K. Asahi, Appl. Phys. Lett. 81 (2002) 454. 
[29] H. Irie, S. Washizuka, K. Hashimoto, Thin Solid Films 510 (2006) 21. 
[30] S. Malato, C. Ricter, J. Blanco, M. Vincent, Solar En. 56 (1996) 401.  
 
 
 106 
 
Chapter 7 
 
Summary 
 
The motivation of this work is to propose an alternative way to develop a new 
type of photocatalyst which is highly useful for treating various environmental 
problems, especially in the regard of effective use of the solar energy for degrading 
various contaminants in water environment. A brief introduction and broad 
applications of semiconductor photocatalysts have been described in chapter 1. A 
special attention has been given to the TiO2 due their excellent properties. 
Semiconductor photocatalysis with a primary focus on TiO2 as a durable 
photocatalyst have been applied to a variety of problems of environmental interest in 
addition to water and air purification. It has been shown to be useful for the 
destruction of microorganism such as bacteria and viruses, for the inactivation of 
cancer cells, for odor control, for the photosplitting of water to produce hydrogen gas, 
for the fixation of nitrogen, and also for the cleanup of oil spills.  
Although titania has already known for its wide range of applications, their 
low absorption in visible region is a drawback from a view point of effective use of 
solar energy. One of promising candidates of solar energy responsive photocatalysts 
is titania hollow spheres. Compared to dense titania particles, titania hollow spheres 
have such advantages that they have lighter density and larger surface area. In 
addition, it is predicted that the titania hollow spheres have excellent properties as a 
photocatalyst as well as the dense titania particles. The fact that the hollow titania 
particle has a smaller band gap, which resulting in the absorption in longer 
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wavelength region, has made the titania hollow spheres a promising photocatalyst 
that is able to use sunlight more efficiently to degrade organic pollutants in 
environments. However, there were also some facts that it is generally difficult to 
synthesize the titania hollow spheres. Although the use of polymer templates has 
recently proven to be very successful to fabricate hollow spherical structure of 
inorganic materials, there remain a lot of problems in the synthesis of titania hollow 
spheres. The titania precursors are highly reactive, so that it difficult to control their 
precipitation. In this context, chapter 2 describes the preparation of submicrometer-
sized titania hollow spheres by templating sulfonated polystyrene latex particles. 
Submicrometer-sized titania hollow spheres with tunable shell thickness and void 
volume have been synthesized by employing sulfonated-polystyrene latex particles as 
a template in conjunction with the sol-gel method. The utilization of sulfonated-
polystyrene latex particles as template materials has resulted in the formation of 
spherical hollow spheres with relatively smooth surface and dense arrangement of 
titanium dioxide layers. The void sizes of the hollow spheres were on the average of 
20-26% smaller than the diameter of the template. The surface roughness of the 
titania hollow spheres were increased with the increase in the concentration of TBOT. 
The shell thickness of the titania hollow spheres particles was readily tuned by 
altering the concentration of TBOT. The highest concentration of TBOT (0.50M) has 
resulted in the formation of titania hollow spheres with a strong and thick shell walls. 
As it has been mentioned earlier, titania hollow spheres are expected to have a 
better photocatalytic activity from the point of view of effective use of the solar 
energy due to their absorption characteristic which is red-shifted in comparison to 
that of titania dense particles. In this context, chapter 3 describes the photocatalytic 
activity of titania hollow spheres which focused in the photodecomposition of 
methylene blue (MB) as a target molecule. Photocatalytic decompositions of MB 
which were carried out in aqueous medium showed that the highest photocatalytic 
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activity was given by titania hollow spheres which was prepared using 0.20 M 
TBOT-ethanol precursor. It was also found that the photocatalytic activity of 
commercially-available titania photocatalyst (ST-01) was lower than that of the 
hollow particles. This seems to be due to its poor response to the selected wavelength 
region of Xe-lamp irradiation used in this experiment. In addition, particle size, size 
distribution, and crystallitnity of titania hollow particles were shown to be important 
factors in order to get high photocatalytic activity in the decomposition of MB in 
water.  
The common limitations in the TiO2 catalysis system is that the quantity of 
●OH radicals cannot be increased infinitely as overdosing of TiO2 scatters the light in 
the solution. The recombination of photo-generated electrons and holes is also known 
as a serious problem limiting the photocatalytic efficiency and obstructing the 
practical application of the photocatalytic process in the environmental areas. 
Therefore, new developments of these technologies have focused on searching for 
better oxidants to increase the generation of radicals or to optimize the 
photodegradation process. In this context, chapter 4 describes the degradation of MB 
in aqueous dispersion of hollow titania photocatalyst by focusing in the optimization 
of reaction by addition of hydrogen peroxide as an electron scavenger. It was shown 
that the existence H2O2 as an electron scavenger has significantly enhances the 
photocatalytic activity of titania hollow spheres up to the optimal H2O2 concentration 
of 150 mM when the TiO2 concentration is 0.6 g/L. This enhancement can be 
ascribed to ●OH which was generated during the electron scavenging process by 
H2O2. It should be taken into consideration that the photocatalytic activities of titania 
hollow spheres might be inhibited at higher dosage of H2O2 than 150 mM, which 
mainly due to the reaction of excess H2O2 with ●OH and hVB+. Another inorganic 
oxidant which is known for its activity on enhancing the photocatalytic activity of 
TiO2 is peroxydisulfate ion. In this context, chapter 5 describes the degradation of 
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MB in aqueous dispersion of hollow titania photocatalyst by focusing in the 
optimization of reaction by peroxydisulfate as an electron scavenger. It was 
demonstrated that peroxydisulfate has significantly enhances the photocatalytic 
activities of titania hollow spheres. The effect of peroxydisulfate seems to be related 
to scavenging of electrons as well as production of additional oxidizing species. It 
turned out that the optimum concentration of peroxydisulfate is 10 mM when the 
TiO2 concentration is 0.6 g/L. Further increase in the addition of peroxydisulfate only 
gave a slight increase in photocatalytic activity due to the saturation of reaction rate 
by the excess amount of SO42- species.  
In order to get a better efficiency in optimizing the photocatalytic activity of 
titania hollow spheres by the addition of electron scavengers, it is necessary to 
investigate another potential inorganic oxidant. In this regard, in chapter 6 we have 
expanded our investigations to enhance the photocatalytic activity of titania hollow 
spheres by employing various electron scavengers such as oxyhalogens oxidant, 
together with hydrogen peroxide, and peroxydisulfate. It has been shown that the 
effectiveness of oxyhalogens as electron scavengers in TiO2 system depends on the 
electronegativity and atomic radius of the halogens. Additionally, the degradation rate 
also depends on the number of highly reactive radical and nonradical intermediates 
which are involved in the photodecomposition of MB. The effectiveness of the 
oxidants on enhancing photodecomposition of MB is found to be in the order of 
S2O82->IO4->BrO3-> H2O2>ClO3-.  
Overall, the titania hollow spheres seem to be promising for many 
applications. Their lighter density and their relatively larger surface area in 
comparison to that of titania dense particles on the same average of diameter are 
known to be advantageous. The fact that titania hollow spheres have absorption 
characteristic in a longer wavelength has made them as a promising photocatalyst 
especially from the point of view of effective use of the solar energy. Though 
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utilization of titania hollow spheres still have some limitations as well as in the case 
of titania dense particles, the utilization of additional electron scavengers seem to be 
useful for the optimization of their photocatalytic activity. Although the use of 
electron scavengers such as halogens and peroxydisulfate may lead to an increase in 
salt in the residual waters, this does not seem to be a serious drawback, because there 
are no legal restrictions on sodium/potassium sulfate nor halogen salts in waste water. 
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